The application of the wavefront shearing optical interferometer to diffusion measurements. by Nicholl, Edward McKillop.
N IC H Q L L , E M / FlF’F'L I CRT I


T H E  A P P L I C A T I O N  O F  T H E
WAVEFRONT SHEARING OPTICAL INTERFEROMETER TO DIFFUSION
Thesis submitted for the degree of Doctor of Philosophy 
in the Faculty of Engineering of the University of London.
EDWARD M°KILLOP NICHOLL, 
Chemical Engineering Department, 
Battersea College of Technology, 
London*
JULY 1966*
MEASUREMENTS
O
N
/
ABSTRACT*
A  wavefront shearing optical interferometer has been 
built in- this laboratory? and its use for diffusion 
measurements is described*
In Part I of this work? the application of the 
interferometer to diffusion in liquid-liquid systems is 
discussed* Using a flowing-junction cell in conjunction 
with the interferometer?the following systems were 
investigated and diffusion coefficients reported over a 
range of concentrations ?-
sucrose-water § mono ethanol amine-wat er § diethanol amine 
-water ; and triethanolamine-wat er *
A new method for calculating; the diffusivities of 
liquid-liquid systems has been proposed^ and is used to 
obtain the diffusion coefficients for the above systems*
A Ferranti Sirius computer is used to handle the calculations* 
The diffusion coefficients obtained in this 
investigation were examined in comparison with existing 
diffusional theories and semi-empirical equations* It is * . 
shown that these, theories are inadequate? and it is also 
shown that the large deviations between the predicted 
diffusivities. of the ethanolamines and the observed values 
are due* a) in part to. the inadequacy of the equations,
and b) in part to molecular irregularities of the 
ethanolamines in solution®
By explaining. the molecular irregularities of the 
ethanolamines in solution on the basis of a hydration effectf 
and calculating an approximate hydration number, a better 
agreement between the predicted and observed diffusivities 
is obtained®
In Part II of this work, the- application of the 
wavefront shearing interferometer to gas**liquid diffusion 
is described® The gas cell built in this laboratory and the 
experimental technique is. also described© Results for the 
systems C C ^ w a t e r ,  and CO^ into dilute mono ethanol amine are 
reported© In the latter system, the presence of a reaction 
zone is experimentally illustrated? and calculations are made 
explaining the movement of this reaction zone®
It is believed that this is the first time ever that 
a) the presence of this reaction zone has been shown 
experimentally? and b) that the movement of the zone has 
been plotted®
At the moment?the application of this interferometer 
to gasfliquid diffusion is novel, and needs improvement®
"When a fully successful experimental technique has been 
evolved,the possibilities for further work in this field 
are considerable*
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NOTATION#
Notes Numbers in parenthesis, refer to a. particular use of the 
symbol * i«e® A,- Arnold1 s equation const® (360, refers to 
A 1 s use in equation 3 6  only®
Where no number follows the description, the use is general.#
PART: I
2A | area. cm
I Arnold&s equation constant(3 6 )
B  | Arnold 1s equation constant 3 6 )
b ; displacement between, wavefronts
! Van der Vaals volume(57)
G 1 Concentration g/cm?
2
D  | Mutual Diffusion Coefficient cm /sec
2
D 7^  | Self Diffusion Coefficient cm /sec
E^ jE-^i Activation energies for viscosity &  diffn© eals/g©m:ol
/\Evap? energy of vaporisation
F
G
J
K
Force opposing motion of particle (18)
Semil-empirical factor, A r n o l d ^  equatl.on(36) 
Magnification factor
Heat: of vaporisation cals/g®mol
Diffusional flux g#mola 2
Boltzmannls constant (18)
External ionic force (if1*)
Latent heat of evaporation cats/g.mol
Molecular weight
2
Total mass flow (12) g emols/cmi
2 3 ,
Avogadroa number ( - 6.023 x  10 !)
Total number of observations (93)
Refractive index 
Number of ions (*+3)
V ap our pres sur e Him* Hg.
Oas constant 
Radius of particle (19)
Intermolecular spacing(39)
Refractivlty (Gladstone) (95)
Refractivity (Lorenz-Lorentz)
Area factor ( -*• V j j ^ )
Standard error of estimate of 
Absolute temperature 
time
time of inflexion of Gaussian 
Zero-time correction factor 
Absolute velocity of cation (51)
Cation valency (51) 
velocity of particle (18)
Absolute velocity of anion (5l)
Molecular volume, at normal boiling point cm'7
(96)
cm
(2x)2 on t
secs
curve
J d
r
v  ; anion valency (5 1 )
5 partial molecular volume (4*) 
w  5 mass gms
x  | distance ? length cm
I mol* fraction ( 52 )( 97 )
\ Association parameter ( 6 *+ )
A  x  ; shear ( - b ) crm
2 x  5 distance apart of fringe pairs cnr.
Z $ optical path difference
$  | activity coefficient
Jk* ; parameter describing the geometrical
configuration of the solute/solvent 
molecular structure (3 7 )
\  I wavelength of light %
characteristic molecular distance (3 7 )
viscosity cp
chemical potential (M+)
density gm/cm?
coefficient of ionic friction 
y  ; No* of ions 0+5)
^  5 hydration number
; ionic mobility ( k b  ) 
i Laplacian operator
—x v i«
PART II
optical, path length t h r o 1 cell cm
concentration g*mols/ car
interfacial concentration of gas in liquid 
initial concentration of solute in liquid
2gas-liquid diffusion coefficient c m  /sec
Henry1s law constant
liquid film coefficient (physical, absorp.) cm/sec 
Liquid film coefficient (with reaction ) 
gas film, coefficient 
reaction velocity constant cmrVg*mol<, sep
dhnensioryless group 5 Q 2
(k l )
rate of mass transfer 
refractive index 
partial, pressure
g®mols/sec
'Bo/cAi
B/D
A 
time
length* distance (general )
thickness of liquid film
distance from interface to reaction zone
distance from reaction zone to edge of
liquid film
cm
cm
cm
cm
<X § integration constant ( equation 2 7  )
0  I time
)\ 5 wavelength, of light
< r ' = ( t )*
K t
; ~ /K^ , ratio of mass transfer with and
without reaction#
The Application of the Wavefront Shearing. Interferometer
to
Liquid-Liquid Diffusion©
INTRODUCTION*
In many branches of chemical engineering a 
knowledge of diffusivity is of importance where liquid 
diffusion is rate-controlling in the mass transfer process© 
Examples include absorption? adsorption? liquid-liquid 
extraction? and dialysis. On the pure science side? the 
diffusion process is one of the aspects of liquid behaviour 
which must be described by a satisfactory liquid-state 
theory? and hence diffusion rates are of importance in 
formulating and testing such theories® At the present 
moment? there is a distinct, lack of precise diffusional 
theory? since the accurate measurement of diffusion rates 
is only a comparatively recent achievement0
Diffusion studies were first made in this 
laboratory by Furzet* ( X)and Thomas ( 2 )© The Gouy 
interferometer? - an accurate optical technique? was used 
by the above workers to study the diffusion rates of the 
ethanolamines ( mono-»?di-? and tri- ) in rater® The 
ethanolamines were chosen for investigation since they are 
widely used industrially in gas absorption ( GO^ removal? 
natural gas sweetening )? and a knowledge of their 
diffusional properties is valuable in correlating mass
transfer rates to absorption theory® Subsequent to Thomas 
and. Furzer publishing their resuits,however, a criticism on 
their findings was- made by Ibrahim and Kuloor ( 3  )© It 
was. intimated that the disagreement between the experimental 
results and the. theoretical predictions could be due to 
one of three causes, i*e.
1) Inaccurate work#
2) Inadequate diffusional theory©
3) Association or hydration of the ethanolamines 
in solution ( though this cause, was less favoured)®
It was. therefore of some importance that a 
re-investigation be made of diffusion in the ethanolamine- 
-water system, in order to examine Ibrahim and Kuloor8s 
criticisms®
A highly accurate and sensitive interferometer 
was described by Bryngdahl ( b  ), and it was realised that 
the capabilities of this , the wavefront shearing interferometer, 
surpassed those of any existing interferometer® It would 
thus be possible to make diffusion measurements of the 
greatest accuracy, and, as an added advantage, in very 
dilute solutions.
With this in mind, and the need to re-examine 
the diffusion rates in the ethanolamine-water systems,
the wavefront shearing interferometer was constructed in 
this laboratory.
The scope of the first part of this work therefore 
takes the following forms
A review of the existing diffusion theories; a 
review of experimental techniques? and a brief survey of 
the sensitivities of these methods; a description of the 
theory? apparatus? and technique for the wavefront shearing 
interferometer; a report on the investigation? using the 
wavefront shearing interferometer? into the diffusion rates 
of the systems, ethanolamine-water; a critical appraisal of 
the accuracy of the results obtained? and a comparison with 
the work of Thomas and Furzer; an assessment of the applic­
ability of the diffusion theories to the experimental results; 
a study of the physical chemistry of the amines in order to 
attempt an explanation of the disagreement between the 
theoretical and observed diffusivities.®
From this work it is hoped to make a recommendation 
for the future use of semi-empirical equations in predicting 
diffusivity©
I. THEORY OF DIFFUSION IN LIQUID SYSTEMS
p— m: tmawtssai&amsismmmmtm i— i * w e«^*^Hwwi>ii3iTiiaMimnM w ».ir •»— ii— im «iv?a
Progress in the study of diffusion in liquid systems 
is only comparatively recent® Although the first 
measurements of diffusion were made in 1850? limitations 
due to inaccurate experimental equipment have kept the 
data in the literature down to an insufficiently small 
amount„ Also? there is as yet no really clear understanding 
of diffusion in the liquid state? so that the available 
methods for estimating diffusion in liquid systems are not 
at all reliable.
Several theories of diffusion have been advanced? and 
using these theories semi-empirical correlations have been 
proposed® Many reviews have been made of both the existing 
theories and the experimental methods for the determination 
of the diffusion coefficients Of particular note are those 
by Johnson and Babb (5)? Nienow(6)? Tyrell (7)? Lightfoot 
and Cussler (8)? Kamal and Canjar (9)®
The purpose of this section is to give a background 
to the existing theories of diffusion and the available 
experimental methods® Having illustrated the present state 
of knowledge on the matter? it is proposed to show the 
importance of diffusion in mass-transfer operations 
(e®g® absorption? liquid-liquid extraction and dialysis)®
The diffusion coefficient will first be defined as a 
function of the concentration gradient in a diffusing 
system? and then the theories will be presented to show
how the diffusion coefficient may he predicted as a function 
of the various physical properties of liquid systems <,
1(a)# The Diffusion Coefficient*
For Uni-directional diffusion? Fick (1855) established 
the simple relationship
J = -D . . . . (1 )
now known as Fick's First Law, In words, this states that 
the rate of mass transfer is proportional to the concentration 
gradient at constant temperature and pressure# The minus 
sign indicates that the flow is opposite in sense to the 
direction of the concentration gradient#
In a system consisting of components A  and B? the 
diffusional flow of one component due to the concentration 
gradient must be balanced by that of the other# Writing 
the diffusion equation for each substance
= ”^A - A  ° * • • « (2)
«*6 **•%
JB = DB . . . . .  (3)
The volume transfer will be equal to
V A  P M  and DBVB p CB
V ' F Z  / V
where and v are partial molar volumes 
For a constant volume system
V a ( % )  + V b  ( % %  0 . . . . . (U)
The quantity of A  per unit volume overall is and that
of B is v^C-
13 15
• • va ma  t 'b "b ~ ‘ . . . . .(5)
differentiating (5)»
r 4 * h )  + Vb ( r l)  * 0  <6)
For equations ( k ) and (5) to be true it follows that 
DA =
Hence $ in the standard binary systems to be considered, 
the diffusion coefficient measured will be the one common 
to both components,
If the mass transfer is considered over an elemental
volume S v  = A* ^x, the diffusional flow at x + £ x
=  J  o o » o a ( 7 )
I W
and - ^ ( J )  = " jl ( j  ) & x  . . . .  .(8)
& x
S x ( | |  ) = . . . . .  (9)
1 C  =  D .  ~^ 2 C . . . .  . ( 1 0 )
^  2 > x 2
This equation is known as Fick’s Second Law*
The Second Law is almost exclusively employed in the
experimental deremination of s *^nce ^  £>ar easier
to measure concentrations than molecular flux*
Solutions of the equation = D ^ C have been
developed by Fourier series analysis, and are necessary 
for an evaluation of I%g° Crank (10) and Jost (11 ) present 
the solutions for different boundary conditions*
Solution of Fick's Second Law for a uniform 
cross-section cylinder of infinite length (extended initial 
distribution)
at t = 0 , C = C ? x < ^ 0
? o  y
0 = 0 ? x >■ 0
s\ 2By differentiating tfC = D, O C ? a solution (for the
^ t  JT mS
a x
above conditions) is obtained as
2
0 = 4k' o exp (  -  X / ^ (11 )
v *  \ I|Dt /
where A is an arbitrary constant©
(Please see appendix)
If the total amount of material diffusing
CPO
C«dx
c O
and writing o 2 r ~
x ~ 2 ? dx — 2/Dt©dZ
/ G O
th e n  M = 2 A /D  j e x p C -Z  )d Z  =  2A  /  W  D . . . . . (1 2 )
v 'L qo
» » < -  t®fc >
Substituting (13) into (12)
But A — ^oynL  ^ o © o o o (13)
M  / x 2
C  =  e 3 q ? ( "  W  5 . . . . .  ( I L )
Hence the concentration distribution at time t is
= 4 s__. Qxp(~ ^  ) . . . . .  (15)
£ > x  2 / m t  t o t
w hore  / \ G  ^  CQ G
If it is assumed that the refractive index is linearly 
related to the concentration? then
A  2
n x o o # #  .(16)
- r —  a  “ 7 = ^ =  e x P (  -  T ~ ~ ~  )
^  x 2/rrDt tot
This relationship? derived from a solution of Fick's
second law is used almost exclusively where optical techniques
are used to measure the diffusion coefficient#
It willibe shown later how equation (16) is used to
evaluate D from a knowledge of the refractive index gradient
of the diffusion system#
Crank (10) gives a particularly thorough study of the
other possible solutions of Fick's second law#
Solutions include:
Semi-infinite cylinder?
finite cylinder?
diffusion in a sphere?
diffusion with a moving boundary etc#
If is depenant on concentration? then there might be
experimental errors in the determination of if the
concentration difference between the two solutions is
significant# Strictly speaking? D^? as calculated by
the Fick equation? is for a point condition only ,
With this criterion in mind? two types of diffusion
coefficient can be defined:-
—ILO—
1) Differential Diffusion coefficients, in which 
diffusion occurs between two solutions of only differential 
concentration difference *
2) Integral diffusion coefficients, in which diffusion 
occurs between two solutions of significant concentration 
difference *
The integral coefficient is related to the differential 
coefficient, by the expression
z c i
X '
d a b .a, - c0 , r  
1  2 / 0 2
D.dC . . . . .  (17)
Since the differential coefficient is the one needed for 
any examination of the physical properties of the solution, 
then it is desirable to make the concentration difference 
as small as possible when measuring D^? - and the 
coefficient is thus taken as measured at the mean 
concentration e
Theories of Diffusion
In this section the principal theories of diffusion 
are discussed, in which the diffusion coefficient is 
related to the physical properties of the solution*
The theories may be categorised as below:-*
a) Non-electrolytes b) Electrolytes
Hydrodynamic theories 
Kinetic theories
1(b) Stokes-Einstein Hydrodynamic Theory
Tyrell discusses the hydrodynamic theories in detail? 
hut the essentials of what is known as the Stokes-Einstein 
theory are adequately described by Gainer and Metzner (12) 
Tuwiner (13) and Glass tone (lb-)#
Although the hydrodynamic theory has some value for 
the diffusion of large molecules (e#g# colloids)? its use is 
not suggested at all generally# The derivation of the theory 
is due independently to Sutherland and Einstein# The 
Hernst-Einstein equation is intermediate? i#e#
^AB ~ ^  . . . . .  (18)
PA
where k = Boltzmanns constant 
T = absolute temperature 
UA ~ velocity 0+* particle 
I?A = force opposing motion of particle A
The diffusion flow is regarded as a balance between a 
driving force and a resistance to flow which leads to a 
constant average diffusion velocity#
For a particle moving through a liquid the Stokes drag 
is given by
*A = 6 x %  ° UA p RA » . . . . (19)
where = viscosity of the solvent
RA ~ ra<+ius °£ +be diffusing particle
rd.2*
On substitution into (18) the Stokes-Einstein equation is 
obtained
DAB
& . T .
& %
O 0 O O O ( 20)
may be computed from
MA
where M
k
3 A P B  N O 0 0 o o ( 2 1 )
A molecular weight
PB = dens ity 
N = Avogadros number 
Originally the driving force was considered to be the 
gradient of osmotic pressure, but nowadays it is taken as 
the gradient of chemical potential of the diffusing species 
Thus an activity correction term should be included with 
equation (20)*
i *6
D _ k.TAB 1  +1
^ l n  }) 
()ln f T . P
o o o o ( 2 2 )
S T I y U g R A  L  , U J U J . ~ A
where $  = activity
c s= molar concentration 
For ideal solutions this activity term is unity*
For diffusion in water the Stokes-Einstein equation is only 
applicable where the solute molecular weight exceeds 300, 
and as with all other theories to be discussed applies only 
to dilute solutions*
‘13
1(c) Kinetic Theories of Diffusion
There are two main kinetic theories of diffusion,
Arnold1s and Eyring' s ®
Arnold's Kinetic Theory (15)
Arnold applied the kinetic theory of gases, which had 
been successful in interpreting the mutual diffusion 
coefficients of gaseous systems, to liquid systems® Many 
of the reviews of liquid diffusion only summarise Arnold's 
theory since its use is limited in applicability due to the 
presence of three empirical constants. However, to understand 
Arnold's approach to liquid diffusion the development of 
the theory will be given here ®
As mentioned above the classical kinetic theory for gaseous 
diffusion is applied to liquid systems, making allowances 
for the difference in the packing of the molecules.
Prom eqn® (1), Pick's Pirst Law,
where M = total mass flow
If the net forward velocity of a molecule in the diffusion 
stream is represented by u, then
C . U ( 2 L )
It is assumed that the acceleration of the diffusing
molecule is negligible®
cLoThe driving force /dx is used solely to overcome the
-lb—
resistance to diffusion, measured in terms of the momentum 
transferred from the diffusing molecule to the solvent®
This momentum, transfer is equal to the product of the total 
number of collisions of unlike molecules by the momentum 
loss per collision.
From gas theory, the number of collisions per second is 
proportional to
1) Concentration of each type of molecule0
2) Average cross-sectional area®
3) Root mean square velocity®
2 / 2  2x*e® c*|. o ^ 0 y *^2 Q©OQOO*O8Ofi0® (25)
where S. —• ■+ V ®aoeo©o<»®Qo©a (26)
( V = molecular volume)
At constant temperature all molecules have the same kinetic
o
energy*Since mu =s constant, then (25) becomes
<-t2 /1 , 1f* m. C* _  S, I ■ 4- ®»®oc900©*ooo®al.<-•(/
1  2  / MX M2
For forceless spheres, the momentum loss per collision is
o  0 ( i x  +  u - J
_  7 ,  . - ± — 2 _  . (  u_ + t u  ) =» 7  1 - 9 —— 3 -  . . . ( 2 8 )
3  Ml  +  M2  3
Assuming, no volume change on mixing,
^  2 ^ 2  ~ * C  o o e ® o o o « o ® o 9 9 ©  (29 )
Since c^ V *+ cpVp — 1 ®«®©g©@©oos©o©(3G)
Combining (299 and (30 ) 9
( U * >  +  U a , )  —  U ?  /  o e o o & o o o o o o o ©  ( 3 ~ [ )
V « 2 - ' r2
From (27)*(28)$ and (31) the resistance to diffusion is 
proportional to 2
*U-j
0 2 )0 0 3 3 0 0 0 0
dry Wry. f l y  +  1 /
J  % % .
From (23) and (249 * dcn cnu.
S3 * o o o o o # o o » o e o  ( 3 3 9
dx D
Solving for D* L ^
0 3  B , V / m 1  / m 2  . V 2  . . . . . .  ( 3 D
s2
where B is. a proportionality constant*
Equation (3*+) fails on three main assumptions used in its 
derivation* the assumptions being that.
i)all collisions are- binary; ii) the collision rate 
is- unaffected by the molecular volumes; and iii) that 
intermolecular forces, are negligible*
These assumptions cannot be allowed in liquid diffusion® 
Arnold overcame these objections by bringing in the 
semi-empirical factor F into equation (349« For dilute 
systems 5 F is essentially a function of the solvent 
properties only9 and is proportional to the square
When either solvent or solute or both are associated., 
association factors and are included in the expression 
for Fa
root of the solvent viscosity*
For water, Ag = ho7 and B - 0*0108 at 25°C
Eyring: *s Theory
Eyring and co-workers applied absolute rate theory to 
diffusion, and this was presented in a number of papers*
A review of all this work is given by Glasstone et al, (16) 
and Kincaid et al (17)» The theory is also summarised in 
other references, notably by Tyrell ( l ) 9 Johnson and Babb (5)? 
and Gainer and Metzner (12)*
The Eyring theory attempts to explain the diffusion 
process on the basis of a cell model for the liquid, in 
which molecules move from a given position to an adjacent 
hole in the liquid structure* Eyring assumed that the energy 
of activation for the diffusion process is that energy 
required to form the extra space in the liquid to allow the 
molecules to move* A similar argument was applied to 
viscous flow*
Writing F = ^"^2 (35)
we get D (36)
An equation in which the diffusion coefficient is 
considered as a function of both the activation energy 
for diffusion and the activation energy for viscous flow 
was arrived at, 
i . e .
-17-
D = K.T i X a \ X L  MCD- " ^ ( A b A
V RT. /
. . . (37)
where K = Boltzmann's constant
E = actiyation energy for viscosity 
M*
E
D = tt tt tt diffusion
is* = ratio of partition functions for molecules in the 
equilibrium and activated states.
parameter describing the geometrical configuration 
of the solute/solvent molecular structure 
X a  A ,  X =  characteristic distances as b e lo w
j /, C
O  " O f
o  o
o  o  
6
X
M i g r a t i n g  e n t i t i e s ,  
r e p r e s e n te d  by w h ite  
c i r c l e s , a r e  m o v in g  
i n  v i s c o u s  f lo w  
u n d e r  th e  i n f lu e n c e  
o f  s h e a r in g  f o r c e s .
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The equation may he simplified by putting 
7.
3  1
z
, )  > % l  
2> (  X % b X c )  “  < B' v b  >V 3
Where N ~ Avogadros number
Thus we may write the equation for the diffusion 
coefficient
d  = a  i i  j ~ ..... e d(.4b),)  . .  . ( 3 8 )
B  B  V  H.T. /
Although Eyring and co-workers assumed that E^ = E^ , 
this is only an approximation that is applicable to self 
diffusion®
Gainer and Metzner (12) have made a useful analysis of the 
Eyring theory based on viscosity and diffusivity cage models. 
They have put forward an equation for the calculation of
V K? " ed (a b )s
1 o © 0
y « (B )~  BD (A B ) “  B/ t (B ) A C  A x . . E, AA. /
II j 2  r A B
+
r AB 2 r AB 2 J
. . .(39)
rAA ? rBB 9 rAB are tntermolecular spacings,
/ V  \  ^ / 3  I TT \ l /3 >  ^  f
TA A l ~ & )  r = I s
In I! r0B 1 N ] » ^  2
jj.(A_H), jji(B-H) are the activation energies due to 
hydrogen bonding#
E|j.(A D) ■%(B D) are ac+iva+ion energies due to 
dispersion effects#
The above two energies are taken on the assumption that 
the total activation energy may be divided into two parts 
for a compound in general# They are calculated on the basic 
assumption that the total heat of vaporisation of a 
compound is formed of two parts?
1 ^ 6 o
A h ,   =  A h _ _ _ „  +
rn
vap 
at Tr
vap
of Hydrocarbon 
homologue at TR
A h vap(x-H) 
due to 
hydrogen 
bonding
0 0 0
and
0 0 0
(LO)
(L1)
W D  Z-\nvap.(x)
Ep.(x-D) ~ E|0.(x) ~ Ep(x-H)
This calculation may be done quite easily for say? 
alcohols? which have a homologue? and Gainer and Metzner 
refer to the method# But the whole of the above calculation 
is somewhat invalidated when no homologue can be found 
(as with the -amines)#
E
ftx)
is calculated from
JS. v2/3 A e ^
f t ( x )  ~ ln * vapraj {
(1.09 X  10~3 )m A 3 / 2 J a o o (L2)
to be 6 for all the compounds that they considered, apart 
from ethyl and methyl alcohols to which they ascribed the 
value 8 *
In actual fact the variation of this parameter is quite 
considerable from compound to compound, so that it 
effectively becomes a semi-empirical constant which 
introduces a factor of inaccuracy.
l(&) Diffusion of Electrolytes
A comprehensive description of the theory of the 
diffusion of electrolytes is given by Earned and Owen (18)., 
and Tyrell (7)* Tuwiner (13) presents a fairly basic 
description that is of use for a general understanding of 
the principles involved.
Obviously, the treatment of diffusion of electrolytes 
must differ fairly radically from that of non-electrolytes 
due to the formation of ion pairs in solution. As a 
requirement of electrical neutrality, the anions and the 
cations must move at an equal rate* Thus the mobility is 
intermediate between that of the component ions when these 
are free of electric forces*
For an electrolyte solution containing two types of ions,
of Diffusion of a Sim
(U3)
(ionic velocity)
J2 =-n2u
(flow of ions)
tea
At low concentrations, interaction between the ions may 
be neglected, and
u = KL, = K g C J g  = - C O jN l ,  =  ^ 2  ^
K = external forces on the ions 
OS = mobility of the ions 
V  = Laplacian operator 
fi =3 chemical potential
If fi is the chemical potential of a molecule which 
breaks up into anions and Vg cations, then
K = + VgKg _ - Y u  . . .  (L5)
From (i|l|)and (J+5)
K , _
where p = coefficient of friction of the ions)
K
1 p i  , \ 7 ^  -  _ J £ i  n
V 1 p i  +  v 2 p 2  V1 W 2  +  V2 ^ 1
and u = - J :L (- A  . ^ . . (1+8)
v 1 ^ 2 +  V2 ° J1
If the solution is ideal
V m- = (vi + v2 > la! • • .(U9)
n
and consequently
(v , + Vp)CA CaJ2 . . . ( 50)
j  =  n v  =  -  —  k l  v n
v 1 (x r 2 +  v 2  b J  x
This expression is known as Nernst’s Law of diffusion*
Written in a simplified form, Nernst1s Law may be expressed
as
where U and V are absolute velocities of cation and anion 
respectively under a force of 1 dyne at infinite dilution# 
u and v are the valencies of the cation and anion#
This equation is not applicable to weak electrolytes 
where solutions consist of a mixture of ions and large 
numbers of undissociated molecules#
Tables may be found in the literature for U and V? 
but are mostly given only for strongly ionised salts#
Where values of U and V are given? the equation is most 
useful for engineering purposes#
However? since the electrolyte moves in one direction? 
and the solvent by replacing it moves in the opposite 
direction? an "electrophoretic" effect exists# This 
electrophoretic effect is allowed for in two expressions 
developed by Onsager and Fuoss (19)*
Together with a thermodynamic term? - which allows for 
the activity coefficient of an electrolyte varying 
throughout the diffusing system? the two electrophoretic 
terms may be combined with the Nernst equation to give 
a comprehensive expression for the diffusion coefficient 
of an electrolyte in solution#
Harned and Owen give the development of this 
expression# It is not intended to give the development
+  2 3 -(
her.©1 since it is somewhat, lengthy*.and the final results 
(although given here) ar.© more.- of' use to a pure physical 
chemist©
The full equation is.
S (i>, + ), iooo R.T (s + c
i .  w - * . .  S S  *  * 5 7  4 - * »
' ' y  i^i A? c  C
9 •
where Atl and. b  M  ?/are the electrophoretic effect terms
g iv e n ,  b y
( i ® , l  X® -  S s . S A j )  f s - i s z  *  |£> _ _____
"" ( A ° y  ~t ? «  )■ '*  J ( 1  + * .« ■ )
7  7 { v a  I _* 2.4 \  ° \  f  a . ^ d t f x l d  7 2  s .
* *  ' i  iSiii  ^ 4 f t  r t  /  '  I1 ^  /
A m / s
( A S ) J i  rf a ' ( 3 r f j   ( Cy)
| * k e r «  / ( x a . )  =  a 2 1 " 1 6  .  ( Z x f c ) /  ,2 ..............
/ . ,t  w ■**« + S' r  \
The: term [ 5 * t. • ^ ---1 J is the thermodynamic term which.
allows for the variation of the. activity coefficient 
throughout the diffusing; system© The. nomenelatnre for 
equations. A to E (additional, to nomenclature already used) 
is. given below* ~
Nomenclature for' equations A to, Ej-
K
?•
d
ri
x
a
£ , (  )
=5 Gas. constant 
= Absolut©, temperature
- molecular concentration
« mean molar* activity coefficient ogT the- electrolyte
=* limiting: equivalent conductance of the ions 
indicated* at: infinite dilution©.
~ valencies
- limiting; equivalent conductance of the electrolyte 
at infinite: dilution©
- viscosity of the solvent*
- dielectric; constant of the solution®
™ ional concentration©
= reciprocal of average radius of the ionic 
atmosphere*
= activity
=5 exponential integral function©
^25
1(e)# The Influence of Concentration on the Diffusion
Coefficient*
As mentioned above*all. the above theories* « and all 
the semi-empirical equations to be discussed further on* 
predict the diffusivity of a system at high dilution only* 
For systems of concentrations greater than a few- 
percent by weight* the prediction of diffusivity becomes 
even more confused and unreliable® The influence of 
concentration on diffusivity is discussed below for 
a) non-electrolytes and b) electrolytes.®
Non-Electrolytes®
For ideal solutions of non-electrolytes*Powell et 
al (20) and Wilke (21) propose the relationship
D q A  \  ( D M  \oyfoowss*, I CS3 I nmnpi9«; _ ■ - 1
I Bo T AoXA
a 0 a a (52)
where xA ~ mol fraction of A in mixture
subscripts? AB* diffusion of A in B at eoncn®
Ao? 11 n A " B (very dilute A )
Bo* ” u B " A  (very dilute B )
For non—ideal solutions the right-hand side of the equation
must also be multiplied by an activity correction factor
i® e© / »i . In^A \
I JL ) O o # a o # o o o © c  V/ J  /
I d i n  x A  j
where X A - activity of component Ac
Gamer and Marchant (22 ) on investigating the 
diffusivities of several, associated solutes in water reported 
that the above relationship gave fairly satisfactory 
agreement with experimental results.®
Caldwell and Babb. ( 23 ) investigated three systems 
which were close to being ideal , and found that equation 52 
satisfactorily described the variation in diffusivity with 
concent r ation.
Obviously?one limitation of the above relationship 
is the necessity to have values for the diffusivities at the 
two concentration extremes©
Unfortunately? apart from the references quoted above? 
there seems to be little evidence to support the use of the 
expression®
Galdwell and Babb also claimed that the group DyC//%, 
varied linearly with mol fraction, which should be the case 
for ideality© However, inspection of their figures shows that 
the linearity is not very satisfactory© It would seem that 
it is not very good practice to correlate the variation in 
diffusivity with concentration through the group D©yU /%, even 
if the solutions are assumed to be ideal© Mullin et al ( 2*f) 
tried to. use this group, with poor results®
Thus, for ideal non-electrolytes , equation 52 
appears to be the most adequate for describing the 
variation in diffusivity with concentration
~ 2 f
Dullien and Shemilt (25) investigated the system 
ethanol-water oven the entire concentration range "but did 
not attempt to use the above equation* Instead they 
reported the variation in in diffusivity with concentration
results *
Strictly speaking, equations 52 and 53 should only be 
used for diffusion of liquid into liquid* For the diffusion 
of solid into liquid (i*e* sucrose-water) the equation 
proposed by Gordon (26) should be used*
English and Dole (2 7 )  studied the diffusion of sucrose in 
water in supersaturated solutions, and Gosting and Morris (2 8 )  
studied the diffusion of sucrose in dilute solutions*
Gosting and Morris found that the Gordon relationship 
was followed and thus proposed that the diffusion of sucrose 
in dilute solutions was a true diffusional process*
English and Dole showed, however, that as the 
concentration increased, the agreement between the observed 
diffusion coefficients and those predicted by the Gordon 
equation decreased* This they attributed to a) the greater 
dependence on viscous flow and b) the influence of hydration 
on the sucrose molecule*
in terms of the Schmidt number ( jjp) » without any conclusive
D
o
With concentrated solutions of electrolytes? effects to be 
considered that will reduce the diffusivity include
1) Thermodynamic effect
2) Electrophoretic effect
3) Viscosity 
U) Hydration
In the Nernst-Onsager-Fuoss equation these effects are 
considered so that corrections should not be necessary® 
However? a relationship between D and was put 
forward by Stokes et al (29) for concentrated solutions of 
1 electrolytes
1 ' e * 6  =  ( 1  +  m .  ) ( 1 - o . O 1 8 0 m ) r i + O . O 1 8 m ( ™ l  ) - n l
0  &  ISl  ^ •‘“ q  J
(55)© O O
where m = molality
0 = hydration number (mols w a t e r saq? )
self-diffusion coefficient for water 
v =3 no® of iPris formed by one stoichiometric 
molecule of salt
A good review of the semi-empirical correlations available 
is given by Gambill (30) and Sherwood and Reid (31 )•
The correlations are all based on the theories already 
outlined above and are an attampt to predict the diffusivities 
of solutions using readily available physical data* It should 
be noted at this stage that all the main correlations are 
intended for systems of non-electrolytes, but examination of 
the data on which these correlations are based reveals that 
electrolyte systems have been fairly widely used in the 
data. Attention will be drawn to these cases in the 
discussions on individual correlations.
Three early correlations that are quite inaccurate are 
summarised below 
Thovert (32)
D.|j.g ./ M. = const. . . . (56)
n  _  2 H Td = = _ S7^b (Va _ b)0.33 . . . ( 5 7)
b = Van der Vaals volume 
N = Avogadros number 
Olson and Walton (3U)
A c t
Curves are plotted of D against with CT as
A
parameter ( where CT -  surface tension andjj^ = slope of
°A
surface tension lowering curve at concn. c^)*
Coefficient
A c t  _  i o ^ 31 8  -  l
aA ' °*^95
where E = Eq •+ 0,625 n
SQ = potential energy contribution of chemical type
(Olson and Walton tabulate values)
n = number of carbon atoms in molecule
Olson and Walton put forward their correlation on the basis
of results given by only 11 organic compounds#
Wilke (21) was the first to make an important step forward
in proposing a usable correlation#
Wilke's correlation is derived from the Stokes-Einstein
and Eyring theories and employs the use of the group
T
P = D.m. . . .(58)
F is plotted against solute molal volume? V A ? for a number
jA.
of solutes diffusing in water? benzene? and methyl alcohol.
Of the U5 solutes considered diffusing into water?
7 are gases# Of the remainder? almost all exhibit some form 
of hydrogen bonding or ionisation in solution 
(examples? - acetamide? acetic acid? acetonitrile)
This immediately makes the correlation and subsequent 
improvements suspect#
Also? as pointed out in the discussion on the Stokes-Einstein 
theory? an activity correction term should be included if the- 
solutions are not ideal# This has not been done? and thus it
es» A  'I,
is more than likely that errors will be present in the Wilke 
correlation®
Scheibel (35) expressed the graphical correlation of Wilke 
bv the eauation
From the published data? this equation appears to represent 
the behaviour of large molecules diffusing through a solvent 
of small molecules? and appears to be correct for the effect 
of solvent volume with a solute volume as much as twice the 
solvent volume.
In the above equation
JU = viscosity of solution ? cp*
VA ?VB - molecular volume ( solute? solvent) 
The same provisos as were noted for the Wilke correlation 
must also apply here.
( 6 0 )
(59
T = absolute temp., °K
0 thine r and Thakar (36)
The correlation is derived from Eyring's theory? using the 
relationship
log D = Eq o log \± •+ C o c o (61 )
i r
Thus a plot of log D against log \i should give a straight 
line»
For solvent water the slope of this line has been 
computed to have an average value of -1 #1 and the 
correlation
D x 105 = 1H o o o (62)
1 #1 v  0 , 6  
%  A
for diffusion in water has been derived#
For solvents other than water? the general equation for 
diffusion has been given as
D x 105 = 1 1 +  „ ,,
j ,  O # o # ( 6 3 )
where L and L are the latent heats of vaporisation ofs w
solvent and water respectively#
= Viscosity of solvent#
o
Of the 5 solutes diffusing in water considered by Othmer and 
Thakar? one is calcium chloride ( a strong electrolyte)#
The others are water (self-diffusing)? phenol ( a fairly 
strong acid)? mannitol and saccharose ( possible hydrogen 
bonding in solution)„ Some doubt is thus expressed as to 
the validity of the correlation#
This is the most widely used correlation and appears to have
found general acceptance* The correlation is a development
of the earlier work by Wilke, and is based on diffusion data
for a large number of organic liquid systems*
TThe group F = jj is again used, being correlated with 
the solute molal volume, V^0 However, in this correlation 
the "association parameter" for diffusion in various solvents 
is considered, - the association parameter, x, introduced to 
define the effective molecular weight of the solvent with 
respect to the diffusion process*
The correlation for both associated and non-associated 
liquids Is given by
x
D = 7.1+ X  10-8 i M )  „ -T „ . .(61+)
H.VAU *D
Some Values of x are given below:-
x
water ; 2*6
methyl alcohol ; 1*9
ethyl alcohol ; 1*5
non-associated liquids ; 1 *0
Although an association parameter has been included in the
correlation, the same criticisms made of the Wilke
correlation will apply*
es&^ S®59
Wilke and Chang (37)
Subsequent to a diffusional study of the ethanolamines made 
by Thomas and Furzer (2)? Ibrahim and Kuloor (3 ) proposed 
two correlations? - partly in an attempt to explain the 
large differences between the observed diffusion coefficients 
and those predicted by previous correlations®
The first correlation was a calculation based on gas 
kinetics? and subsequent communication with Ibrahim (38) 
has revealed that this was quite irrelevant to any liquid- 
liquid diffusion case®
The second correlation proposed was subsequently further 
explained (39)? and is based on a modification of Wilke and 
Chang's correlation® This involves changind to v0e^
and including terms for the latent heat of evaporation of 
the solute and solvent ®
Ibrahim and Kuloor
Thus j l  1/3 0*93
2 LZ * ® TD = 5-1+ x 10“8 A B
t r  0,5 T  0.3 
L B A A J
O O O ( 6 5 )
115 organic liquid systems were considered® Again? amongst 
these systems were some such as:-
acetic acid - water? diethylamine - water etc® and also 
several gases diffusing into water.
There is thus the inevitability that the correlation is based 
on a large percentage of systems in which a degree of 
non-ideality is present*
A recent correlation by King et al is based on the 
observation that ^  is nearly constant for self diffusion# 
However, the correlation obtained had a 19*5% standard 
deviation with their accumulated data# Since this is twice 
as bad as the correlations of Wilke and Chang etc# then it 
may be assumed that the correlation is insufficiently accurate 
to be considered here#
Atomic and Molecular Volumes
In the above correlations, the molecular volumes are 
calculated from the figures due to Le Bas and given by 
Wilke and Chang (37)* The molecular volume is defined as 
being the volume, ccs0? of one gm#mol» at the normal boiling 
point#
Atomic Volumes for Complex Molecules ( the molecular volume 
being additive):-
Bromine 27 Nitrogen (2 ary amine) 12
Chlorine 2b.*6 Oxygen (except as below) 7*U
Iodine 37 Oxygen (methyl esters) 9*1
Carbon 1!u8 Oxygen (ethyl esters) 9*9
Hydrogen 3*7 Oxygen(ethersfother esters) 11
Nitrogen (double bond) 15*6 Oxygen (acids) 12
Nitrogen (lary amine) 10.5 Sulphur 25*6
For 3-membered ring, deduct 0*6
it
is
U -  
5-
Pyridine
Benzene
Napthalene
Anthracene
it
it
ii
ii
ii
it
8*5 
11 * 5  
13 
15 
30
U7>5
Molecular Volumes :
H2 11+.3 °2 25.6 n2 31 c2
air 29.9 CO 30.7 a o ro 3U CM
OCO W+.8
NO 23.6 D20 20.0 n 2o 36 ob NH, 25.8
h 20 18.9 COS 51 .5 C12 U8 oh Br2 53.3
*2 71 .5
Some Comments on the above Theories and Correlations 
Unfortunately? none of the above described theories or 
correlations are in the least bit satisfactory for general 
engineering purposes® On the one hand, the theories and 
correlations for non-electrolytes are distinctly hit-and-miss, 
and on the other hand the theory for electrolytes is too 
unwieldly for anyone but a pure scientist interested in one 
system only®
It is as well to quote Wilke and Chang as to the 
validity of their correlation, since this observation applies 
equally to all the other equations and puts them in their 
true perspective*
11 * * ® * It must be recognised that special structural 
features of molecules and other molecular interactions 
may be important in certain cases and that therefore the 
proposed relationship (correlation) is at best an 
oversimplification utilised to obtain a practical result11*
When diffusion in the systems ethanolamines-water is 
discussed later on, with practical results as illustration, 
it will be seen just how insufficient these correlations are* 
None of the correlations can be relied upon to predict 
a D value much better than 10$®
Sherwood and Reid (31) give tables to show calculated 
and observed values of D, using the empirical correlations*
The deviations have been calculated for each system®
Summaries are given below®
*•3 7“
Diffusion in water
Average error % 
Maximum error %
Diffusion in Methanol
Average error % 
Maximum error %
Diffusion in Benzene 
Average error % 
Maximum error %
Wilke-Chang Scheibel Qthmer 
11 9  8
+30 +25 +25
(pyrogallol) (alloxan) 
+33 +23 +23
(alloxan) (mannitol)
11 1 2
+32 +30
(chloral hydrate) 
+29 +35
(lactic acid)
1 2
+30
1 0
+27
15
■30
(chloracetic )(acetyl ) (CBr, )
( acid )(diphenylamine) ^
Again, it will be noticed that in the above systems that 
produce the maximum deviations, solutes that are ionised 
or hydrated in solution have been considered#
In view of the inclusion of such systems in developing 
the correlations, it would appear that a far better approach 
would have been to have developed the correlations using 
systems that are as near to ideal as possible, and then 
introduce a term or terms that would account for any deviations 
due to molecular irregularity etc. However, since the 
correlations have been developed using irregular systems, 
then it seems inevitable that large inaccuracies will occur.
-Lo­
ll THE EXPERIMENTAL DETERMINATION OP DIFFUSION
COEFFICIENTS ____ _____
The reviews of the past and present methods for the 
measurement of the diffusion coefficient are numerous# 
Amongst the most useful general reviews are those by 
Tyrell (7), Jost (ll), Nienow (6), and Johnson and Babb (5)o 
Jost lists a further 30 monographs and review articles (all 
pre-195l) s so that a genex^al background may easily be 
obtained#
The measurement of D may be grouped under three 
headings:-
*1) Steady State methods
2) R e s t r i c t e d  Diffusion
3) Free Diffusion
IT (a) Steady State Methods
Diffusion is allowed to occur within a column of 
solution such that a steady (time-invariant) state is set 
up within the column# Material is supplied to the base and 
removed from the top, and the concentration at each point 
within the column remains constant and independent of time# 
The diffusion coefficient found by this method is the 
integral coefficient#
Fick, in l855s used observations from this method to 
put forward his laws of diffusion#
"“•UGL*"*
Clack (1908) used this method to study diffusion and 
later improved on accuracy by analysing the solution in the 
column by refractive index measurements#
Nowadays the most commonly used steady state method is 
the use of a sintered glass diaphragm cell# In this method, 
diffusion takes place through a horizontal glass diaphragm 
separating the two solutions of different composition# 
Magnetic stirrers are rotated on the upper and lower faces of 
the diaphragm, and the rate of stirring is such that the 
diffusion process within the diaphragm may be treated as a 
steady state phenomenon]#
The classical diaphragm cell method is due to Northrop 
and Anson (J#G-en#Physiol# 42.„ 54-3© 1929)? and improvements 
were made by Stokes (hi)# A good description of a cell and 
the technique used is given by Dullien and Shemilt (25)#
The big disadvantage with the steady state methods is 
the time factor involved, which may be several days, during 
which time, of course, the whole system must be kept free of 
all vibrations and thermal disturbances#
Another disadvantage is that the diffusion coefficients 
obtained are relative coefficients# The cell has to be 
calibrated using a known system since there are several 
unknown factors in the cell, the principal one being the 
volume of the porous diaphragm#
However, accurate results have been obtained using
diaphragm cells.? particularly the results, of Harned and 
Nut-tall (b2) who used conductivity measurements to obtain 
the diffusion coefficient of potassium chloride at low 
concentrationsa These figures are frequently used for the 
calibration of diaphragmi cells©
I X  (b )  R e s t r i c t e d  D i f f u s i o n ©
A sharp diffusion boundary is allowed to form within 
the vertical diffusion cell© Mutual diffusion takes place 
and the concentration on either side of the boundary changes 
with time© After sufficient time has elapsed the concentration 
at each end of the cell begins to change?and the process is 
thereafter called restricted diffusion©
The principle was first described by Graham in 1861? 
who introduced a concentrated solution beneath a column of 
more dilute solution© When the concentration had changed 
throughout the column? layers were drawn off and analysed©
The method was improved by subsequent workers? the most, 
important, modification being the application of a shearing 
cell? by means of which a sharp interface could be formed© 
Disadvantages of the method include the length of time 
for diffusion (days) and the disruption of the system for 
analysis© Also? the coefficients obtained by the layer 
analysis method are strictly neither integral nor 
differential coefficients © The only accurate results
using restricted diffusion appear to be those of Cohen and 
Bruins (ZoPhysoChem# 103© 337© 1923) and Earned and French 
(AnnoN#Y#Acad0Soc # J^© 267© 19b5) © Harned and French 
introduced platinised electrodes into the upper and lower 
walls of a sheared boundary cell and obtained accurate 
results for the diffusion of various dilute electrolytes,
II (c) Free Diffusion
As with restricted diffusion? a sharp diffusion boundary 
is allowed to form within a vertical diffusion cell.
Mutual diffusion takes place and the concentration on either 
side of the boundary changes with time# It is in the early 
stages of diffusion? during which time the concentrations 
at the extremities of the cell are at their initial values? 
that the process may be termed free diffusion#
Free diffusion measurements are nowadays the prime 
means of investigating diffusion? and the analysis of the 
diffusing system is exclusively optical# One or two 
workers have analysed the diffusing column by absorption 
spectra or by photometry? but nearly all methods now employ 
the variation in refractive index throughout the column#
It will be remembered (equation 16) that the refractive 
index gradient is proportional to the concentration gradient# 
It is this basic assumption that is the essential feature of 
all optical methods#
-  411 —" T r "
Muller (43) gives a comprehensive review of optical 
techniques for the study of diffusional mass transfer, with 
an extensive list of references (about 100)# The review 
is not quite complete, at least two major developments 
passing unnoticed, but the best known techniques are well 
covered© Tyrell (7) has also made a good review of optical 
techniques*
A brief review will be given here of the principal 
means of optically determining diffusion coefficients, before 
a detailed description of the interferometer constructed for 
this work is given* Thus the salient features of these 
optical techniques may be compared*
4 5  ~

II (d) Optical techniques for the mstudy; of diffusional 
mass transfer©
The optical techniques for the study of diffusional 
mass transfer may he classified into two groups,
a) Schlieren methods
b) Interferometric methods
Schlieren Methods are based on the curvature of the light 
path due to the refractive index gradient in the diffusion 
column© Arrangements are included to transform the angular 
deflection into an intensity variation, so that a "shadow­
graph" record of the refractive index gradient is obtained© 
Toepler Scanning Method does this by putting a knife 
edge in the image plane of the light source, thus preventing 
all ox* part of the undeflected light from contributing to 
the image of the object© The arrangement is shown in Fig©1 
A photographic plate at the image plane E is driven 
horizontally across, whilst the knife edge is moved 
vertically at a related speed© The recording of a typical 
concentration gradient obtained by this means is illustrated 
in Fig©2©
The Fhilpot-Svennson Diagonal Slit Method is a variation on 
the Toepler system© A diagonal slit is used instead of 
the knife-edge; the cell image is focussed in the vertical 
direction and the slit image is focussed horizontally by a 
piano-cylindrical lens©
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Interferometric methods have now superseded schlieren 
methods, since the data obtained is far more readily
j
interpreted and the methods are generally more sensitive#
The basis of interferometric methods is the introduction 
of a phase difference to the light passing through the cell 
due to different propagation rates# The phase may be 
detected by interference with another wave, which may be a . 
reference beam or another part of the same beam#
Since a shift of one interference fringe corresponds to 
a change in refractive index, of A ( w h e r e  a « cell
length, \  -  wavelength of light source) , which is equal to 
5©4-61 x 10 for a 1 cm# cell using the mercury green line, 
it follows that interference methods are very sensitive#
It is this that makes interferometry so useful for diffusion 
measurements#
Numerous interferometers have b e ™  used for diffusion 
measurements, of which the following are listeds- 
Jamin; Michelson; lebedeff; Multiple Beam; Phase 
Contrast; Mach Zender; Gouy; Rayleigh; and the Vifavefront 
Shearing Interferometer (which has been constructed in this 
laboratory and is the subject of this work)#
For the purposes of comparison, and for an idea as to 
the principal interferometers used so far by research 
workers in the field of diffusion, three interferometers
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listed above will be briefly described below© They are the 
Mach Sender $ G-ouy, and Rayleigh, interferometers©
TheJMach Sender Interferometer is illustrated In Fig©ho 
By careful alignment of the mirrors Ml - Mb the light paths 
are made sufficiently different for interference fringes 
parallel to the axes of rotation of the four mirrors to be 
produced© A real image of the cell (placed between mirrors 
M1, M2) is formed at plane E 0
The fringes produced in the Mach Sender are as in Fig.3© 
and give the relationship between refractive index of a 
plane in the diffusion column and its distance from the 
optic axis©
Amongst the big disadvantages of the Mach Sender is the 
difficulty in aligning the mirrors, and the high cost (about 
£15?000)? since the Mach Sender is usually bought as a pre­
made unit (construction being difficult for anyone other 
than an optical expert)e
Descriptions of the Mach Sender and its application to 
diffusion measurements are given by Caldwell et al (b5), 
and Harvey and Smith (l|6)c A description of the instrument 
may also be had by reading the technical literature supplied 
by Carl Seiss and Co©
The sensitivity of the Mach Sender is best illustrated 
by the results of several workers who have used it©
a) Caldwell et al (b-5) describe the use of a Mach 
Zender for determining mutual diffusion coefficients 
in binary liquid systems# For calibration a
0 o6003 % (by weight) solution of sucrose in water 
was usedo For this, jf\ n ^  7 tc 10 ^#
b) Caldwell and Babb (23) studied the diffusion of 
ideal binary liquid systems# Examples of 
concentration differences used, with the weight % 
difference in brackets, ares-
0 #022 mol fraction CgHg in cciu (-UL%)
0o033 u 11 G6H5°1 in CgH^Br (2„L$)
0 #0133 1! c 6H5CH3 in c6H5G1 (1 Afo)
The above concentration differences correspond to 
refractive index differences of the order of 1 x 
1 0 " 3 .
Caldwell and Babb give as their criterion for 
obtaining workable fringes a figure of A n  =
3 x 10 *
c) Bidlack and Anderson (b-7) studied diffusion in ncn- 
ideal binary systems# Their concentration 
differences, and hence A  n fs, were similar to 
those of Caldwell and Babb#
d) Mullin et' al (2b) using a Zeiss diffusion inter­
ferometer, which is similar to a Mach Zender,
stated that the maximum and minimum refractive
index differences that could be accommodated
— 3  —I lwere ij. x 10 ^ and 6 x 10 respectively#
The G-ouy Interferometer
Strictly speaking, the principle of the Gouy inter­
ferometer is a hybrid between schlieren effects and inter- 
ferometry# The Oouy interferometer is illustrated in 
Fig#5? and consists basically and simply of light focussed 
through the diffusion cell by means of the Biconvex lens L 2# 
When a concentration gradient is formed in the cell, 
the light is bent through progressively greater angles 
according to the change in refractive index# Since the 
refractive index gradient is symmetrical about the plane 
containing the optic axis, planes of the same refractive 
index gradient are disposed symmetrically above and below 
this axis# Light transmitted by the cell in these conjugate 
planes is brought to a focus at D, but the two beams differ 
in optical path length and their phase difference may be 
such that destructive or constructive interference occurs# 
Thus, a set of horizontal fringes is obtained, the total 
number being proportional to the refractive index difference 
between the top and bottom of the column# By following the 
movement of these fringes (having registered them photo­
graphically at various time intervals) the diffusion 
coefficient may be computed#
T h e  G O U Y  I n t e r f  e r o m e t e r
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Although Gouy described this interferometer in 1880? 
it was not until much later (circa 194-7) that its 
application was extended, to diffusion measurements# 
Longsworth (4-8) was the first to apply the interferometer 
to diffusional studies and describe them? and in an 
accompanying paper Kegeles and G-osting (49) developed the 
necessary theory# Many other workers have since used the 
Gouy interferometer? notably so Thomas and Furzer (l)(2) 
in this laboratory for a diffusional study of the 
ethanolamines#
The concentration differences used by Thomas and 
Furzer were of the same order as those quoted above for the 
Mach Zelider? i#e0 A nmqn 4^ ^ x
The Rayleigh Interferometer is illustrated in Fig#6 (plan 
view)# Parallel light from L2 is passed through, a double 
slit B and the double cell G# L3 focusses the entrance 
slit A in the horizontal plane? whilst the plano-cylindrical 
lens forms a vertical image of A at E#
The interference fringes formed during diffusion by 
this arrangement are similar to those illustrated in Fig# 4
for the Mach Zender? and having the same meaning# It is
not proposed to give an account here of the optics required
for the formation of these fringes (as this would involve
quite a bit of detail)? but a good account of both the
theory and the experimental details for the use of the 
Rayleigh interferometer is given by Svennson (50)(5l)(52)# 
Typical concentration differences used by Svennson are 
of the order of 0 o5 weight %, with one figure of 0 o2 weight 
% (for sucrose-water)# This latter figure corresponds to 
a n 2 x 10~%
Of necessity, only brief descriptions of optical 
methods for diffusional studies have been given above# It 
Is important to note the concentration differences that are 
manageable with these interferometers, for although the 
theoretical sensitivity is given by a (refractive index 
change), none of these interferometers are operated anywhere 
near this sensitivity# This is due almost solely to the 
lack of optical resolution inherrent in the systems# The 
theoretical treatment necessary to explain resolution 
limiting stops is definitely the work of an optical physicist 
e#go Svennson (53). No attempt will be made here at 
explanation! suffice to say that the resolution is limited 
in the above described interferometers#
It is this question of sensitivity that has prompted ■ 
the construction of a wavefront shearing interferometer In 
this laboratory, since this system has been shown to 
differentiate between concentration differences of as low
p*
as 0 #01 weight % ( J\ n ^  1 x 10”^) # This interferometer
contains no resolution limiting stops#
This sensitivity is the prime reason for choosing 
to construct the wavefi*ont shearing interferometer, for 
not only is the accuracy of the differential diffusion 
coefficient increased by a decrease in the concentration 
difference, but the application of interferometry to 
fields other than liquid-liquid diffusion is immediately 
suggested (i0e0 gas-liquid diffusion)©
A detailed description of the wavefront shearing 
interferometer is given in the next section©
111 Tffii WAVE-FRONT SHEARING INTERFEROMETER
In 1930, Lebedeff (5b) described an interferometer 
which would appear to be the fore-runner of the wave-front 
shearing interferometer© In the Lebedeff interferometer, 
polarised light passes through a birefringent crystal plate 
and is separated into an ordinary and an extraordinary ray© 
These rays then pass through a half wave-plate before being 
rejoined by a second birefringent crystal plate© The light 
finally passes through a second polariser©
Lebedeff used this interferometer in conjunction with 
a microscope to study the gro*wth of crystals© Interference 
microscopes using this optical arrangement are still in use 
to-day©
Although the Lebedeff interferometer appears remarkably 
similar to the wave-front shearing interferometer, very 
little reference to it appears to have been made over the 
past thirty-five years©
The wave-front shearing interferometer was first 
described by Bryngdahl (b) « The theory of the interfero­
meter is presented by Bryngdahl (55)? Bryngdahl and 
Ljunggren (56) and Ingelstam (57) together with accounts of 
its basic features© Thomas and Nicholl (58) have described 
the interferometer, the flowing junction cell used for the 
diffusional processes, and the means of obtaining diffusion 
coefficients in binary liquid systems.
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I l l  (a) Theory
The principle of the wave-front shearing interferometer
plate (a birefringent crystal plate)« The Savart plate 
consists of two uniaxial quartz crystals cemented together
paper# (see Fig#7)«
Parallel light passes through the first polariser and 
is polarised such that the oscillation plane bisects the 
two principal planes of the Savart plate# Thus? the wave- 
front is divided into two equally stx>ong coherent wavefronts 
polarised perpendicularly to each other# By means of the 
second polariser? set at 4-5° in relation to the principal 
planes of the crystal plates? the two wavefronts are caused 
to interfere#
The displacement between the wavefronts ( %  and ) 
b? is given by the relationship
is the use of polarised, light in conjunction with a Savart
with their optic axes at S0° to each other? at 90° to the 
beam direction? and at 45° with respect to the plane of the
( 6 6 )
where e = thickness of each part of the optical
plate
n Q?n o - principal refractive indices
—  £>g  -
A  2 A  3 A  i n t e n s i t y  - »
^ 2  o f  l i g h t
( p a t h  d i f f e r e n c e )
( i n t e r f e r e n c e
p a t t e r n  )
I n t e r f e r e n c e F r i n g e
F o r m a t i o n
“-‘•oiL'**
The Savart plates used in this laboratory have e = 10 mm, 
and b  =  81+#2 |ju If in the diffusion process to be examined
a plane wavefront is passed through a diffusion cell (of 
rectangular cross section with plane parallel glass windows), 
the wavefront is distorted in accordance with the 
concentration of the solution# By passing this distorted 
wavefront through the Savart plate, as described above,
Tjj Q
the wave-front is split into two parts ( /0 and /$) separated 
from each other by a small distance /\x (= b) #
In FigoS, the two laterally displaced wave-fronts ai»e 
shown# If the axes of the polarisers are perpendicular to 
each other, then interference occurs when the path 
difference, A  S  = m A  (M - whole number
2  a
/\ -  wavelength of light used/
cell length)
When the derivative curve is so low that A  a < ’ -Vo then
,
no fringes are obtained#
The interference pattern produced, a series of 
horizontal fringe pairs, is related to the Gaussian curve 
representing the ideal concentration gradient#
The movement of these fringe pairs is utilised to . 
calculate the diffusion coefficient# The relationship 
between the distance apart of the fringe pairs and time is 
obtained from the following considerationss-
Before shearing, any one point on the wave-front a
distance x from the interface and corresponding to an
/\  2§optical path length f(x) , has a gradient " //\x°
After shearing, two points corresponding to the 
original one are formed a vertical distance x apax^ t,
where
A  X = (x + V 2) “ (x - %  ) . . . C O .  .0(67)
Their corresponding optical path lengths are now 
f(x + ^2 ) and f (x - V 2 )
The path difference introduced is given by
2 =  f ( x + B/2 )  -  f ( x  -  7 2 )  . . . . . . . . ( 6 8 )
““6 2
The gradient is given by
/ A . j j/ ,  D / n
r ~  = f(x + /2) - f(x - b/2) ,,,,.,,.(69)
/ ” ,
A  -fo
Referring back to equation (16), which is derived from a 
solution of Fick? s Second Law applicable to the free 
diffusion case being studied, we have
$ n
} ,x 2- ,/vDtzj \»
Since S is a function of n,
/
I A  g\ / A  r
I t  %'i m. • «nw» J M.1H1 » « f 1*. ,i
I , / A x A x  =  b  =  v  A x  / A x  =  b
a ©OOOOOOO (70)
Expanding equation (69) ? f  & 8 \ , by a Taylor
* A x  /■ A x  - b
series (see appendix),.
A n \  <£ J 1 + 1«rs«up=pt*ct.r=a \  I
A x /^x=l3 ^ix 22„3 1 2Dt 2Dt
1 b^ x2 - 12x2Dt + 12D2t2 )
2  V .  ' t o 2 t 2 t o 2 t 2
o o o o o o o o o o o e o o o o o p ,o(7l)
Substituting (16) and (7i) into (70), taking the first term 
in brackets only of (71)?
is  n I . t b2 x2 - 2Dt \ { . X2/ _, \
2 r»St l L8Dt 2Dt / v '
_ WA.a
O O O O 0 O O O O O O O 0 O C O O O 0 O ( 7 2 )
/ x2 \ Z> n / , b2 x9 - 2Dt \
LDt / 2 J * 5 t  \ L8Dt 2Dt /
o o o o o q d d o o o o o o o o q o o o (73)
If due regard is paid, to the value of t in equation (19), a 
uzero«time correction factor" ^t. must be introduced? so 
that
t  — t  *f* j\  t  o o o o o e o o o # 6 0 o o # o o o o o (  74*)
(true time) (measured time)
substituting in 16, and rearranginging as above 
exp, (x//i+D(t + At))
    7 1 +  M  • / . . . i , 2 p t
2a/(irD( t + £s: t) .) \ LSDt 2Dt
0 0 0 0 9
Taking logs on both sides and rearranging
(2x)2 
t + /lit
1 w**gic 8wrwa»w«an -x% j
0 -  8 D ln # (  to J 3 t  2 D t
t.
w here G = 8D (1 + I n  <, t — )
t o
t_+ ttt)+ t %  x - 2Dt
0 0 0 0 a
0 0-000
is the time of inflexion of the Gaussian curve; 
an assumed time unit# In the above rearrangement,
assumption ln(l + vX) 0( has been taken#
(h2 # x2 - 2Dt is very small)
3 t  2 D t
For small values, (76) may be rearranged to
 ^1 — J — C — 8D In ^  8D +
bf • x2 j- 2Dt •
3t 2Dt © #  © o a
I
Simplifying,
( S I 2  - o - 8 D t o . |  + i  ( < £ + -  b d )  .............
/ b2 + /\ t
(_2LD
© © o(75)
0 o o (76)
o 0 o ( 7 6 a )
t is
o
the
, , , ( 7 7 )
,,,(78 )
2Putting "\j -  ^2x'* /± j
( )■' we get
X n  %
o
f ) = 0 - 8D0 + / - + A t  I CO.. 0 0.(79)
f t  v . 2 i jS  /
y\ tt
Thus, the deviation caused by //\x ’^ le 
approximation, appears as a constant contribution to the 
zero time correction©
A t e  =  A t w  +  b 2 ^  . . . . . . . . ( s o )
(e - apparent, w = real)
When the correct zero time correction is applied to (79) 
the equation representing the movement of the fringe pairs 
reduces to
YJ = C - 8D0 ..... ...(81)
'V .....................
or (2x) 2 = 8Dt © (i + In \  )  © © © © © © © ©(82)
t
If therefore, the distance apart of any one fringe pair,
(2x), is followed with respect to time, t, the diffusion 
coefficient may be obtained© There are several methods of 
calculation, all of them determining both the zero time 
correction factor, t, and the diffusion coefficient©
The zero-time correction factor is very important, 
since it has quite a significant effect on the diffusion 
coefficient© In practice, it is impossible to obtain an
initially sharp interface, since there is always some 
initial mass transfer between solutions* This has the 
effect of displacing a plot of (2x) against t towards the 
left*
« 6  6 v*
It is this displacement, A  t, that has to be determined 
before the true D may be calculated©
The methods of calculation are discussed below©
III ( b )  Calculation of D, and A  t
The first four methods to be described are due to 
Bryngdahl© The fifth method is entirely new, and has 
been developed in this laboratory©
(i) From equation (82) the relationship 
( 2 x ) 2  t—g' .« G - 8l)Xn may he derived#
/ P-Y-) ^Xf ' is plotted against In t for any one fringe
pair? repeatedly adding a small time increment to the 
t-values before plotting the curve? then? theoretically? 
at the stage when the correct £\% has been applied 
the curve should be a straight line of slope - 8D# In 
practice it has been found that the method is very 
insensitive? and is not sufficiently accurate .to be of 
any use# ,
(ii) In runs where more than one fringe pair is observed 
and recorded, these are plotted on a graph of (2x) 
against t# A straight line is-dram connecting- the 
maxima of the curves# This line is of slope 8D? and 
from the point where it cuts the t-axis? may be
determined# This method? again? is limited in accuracy, 
and only gives approximate results#
(iii) In a method of calculation due to Lamm? from a plot of 
(2x)2 against t for any one fringe pair D may be 
calculated from the expression
D  =  ( 2 x ) 2  ^ J , ■ 8 3 )
~6?~,
8 In t2
Here, and tg are two time-values corresponding to any 
one value of (2x) © However, Bryngdahl has shown that 
the true D is related to the calculated D, x>‘ , by the 
expression /
D V  .....................
i % 'il
' j ■+ At- V  »»..<..<>.(84)
+ t 1/. - -I,
where 'p = ™ V ~ t —  “ 7 1 7 2 ........(85) ,
1 2  t0In 2/
A i
If, then, D is calculated for any one value of (2x) and 
the corresponding and tg values using equation (83)? and 
plotted against *)/, a straight line is obtained of slope 
D 0(At? cutting the ordinate axis at D© Using this method 
D may be calculated to 3 significant figures (i«e© 5o21 x 
10”^ cm2/see©) © It is not, therefore, ail' that accurate,
and it was found more convenient in practice to only use 
this method as a check before using the fourth method©
(iv) The fourth method of calculation is the most accurate 
of the methods mentioned so far© D is calculated by 
equation (83), and is plotted against (2x)2, with A t  as 
parameter© This is done by first calculating D with no 
correction applied to the time, for a set of values of 
(2x) , , tg© Then a small time-increment is added to
the t-values and the calculations are repeated© This is
continued until the value of D becomes constant when plotted 
against (2x) . At this point, the correct value of D is 
obtained, together with the zero-time correction, i.e.
t
D
( 2 X ) 2 --------
By this method, D may be calculated +o four significant 
figures*
A fault common to all the four methods outlined above, 
is that the accuracy of the calculation is dependant upon 
readings taken from a smooth curve drawn through the 
experimental points on a (2x) vs. t plot. The method 
developed in this laboratory, overcomes this difficulty*
It thus becomes less sensitive to error than any of the 
above methods, especially when a slight scatter of points
A
on the experimental curve of (2x) vs# t cannot he avoided# 
In practice, it has also become apparent that this new 
method is much more convenient to use, and is highly 
accurate (so that the accuracy of the determination of D 
is limited by the apparatus rather than the calculation)#
III (0) New Method for Calculating D
The method of calculation uses equation (82) in. Which 
the movement of one fringe-pair with respect to time is 
represented# The feature of the calculation, however, is 
the use of the method of least squares# The sequence of 
steps in the method will now be described#
Least Squares Curve Fitting 
Consider the linear equations
y, = (ax,), + (bx2), + o«,,« + (2xk). ■ ■
# © o o # \ OO/
yn = (ax1}n + + + (SxlPn
in which there are ?n* sets of observations of 
y and x#
(y values are dependant variables, x values are independant 
variables, a,b, »#*• « ,& values are constants ©
If the true values of a,b,*####,§ are A,B,0###oS, the true 
values of y^, y^, ©##o# are and the
differences between the true and observed values of y are 
9 ^2 o o o q then
**70“
* 1 = l  - yi
“ (AX_| ) ^ + (BXp) J, + # # o o o + ( zSXj^.) ^
02 - Y 2 - y 2
= ( A x ^  ) p  + (BXg) ^  + o o o o o  + ( g  ** y g
Then? 0^  ? 0^ are errors whose chances are given by a normal
distribution curve# The assignment of values to a? b? ####
to .minimise the inconsistency which is assumed to be due to
imperfect measurement of the ?x ? values is obtained by
2  2
f i n d i n g  t h o s e  v a lu e s  o f  a ?  B? o##oo w h ic h  make 0^ + 0 2 +
#*#*# a minimum# The conditions for this are that
h h l l  "  f( 01 '= 0 .....(88)
A B
It may be shown that the normal equations satisfying this
condition (for k = 2)? are given by
-71-
whose simultaneous solution enables A? B? to be found# 
The simultaneous solution of two such equations is most 
easily done by use of a matrix of the form
’ £ * 2 ‘y A \  x22 g '
§  X1 y
tn
• B _1 l x1x2 € X12 h-
O o * o p(90)
o o o o o (89)
r *
or Y r ° j v
so that C
I
Y
o o o o o(91)
p
When a set of observations of (2x) against t are made to 
satisfy equation (82), the x, y values and constants in (90) 
will correspond as below (including /y t in time measurements)
y s (2x)2
x^  s 8 ( t  +  A t )  -  8 ( t  +  A . t )  t o  ( t  +  A t )
x2 s 8(t + At) ©
A s D
B s D In t.
Using appropriate matrix subroutines (to satisfy 
equation (91))? a computer may be programmed to calculate^ 
the best D and to fit a set of experimental values of
p
(2x) and t, In this laboratory, a Ferranti Sirius
computer was used and details of the calculation are given
below©
Application of the Method of Least Squares 
to Calculate D
When no 4s aPPlted to the experimental points, it
will be remembered that a true Gaussian curve drawn through 
these points cuts the t-axis to the left of the origin©
This displacement in t is equivalent to the zero-time 
correction, A t ©
However, when solving the normal equations for a set 
of (2x)2 , t-values, the point (0,0) is automatically 
included* The least squares fit does not take into account 
any displacement of the experimental points. Thus, the 
curve of
t .
(2x) = 8Dt(l + 1 n - r M  (equation 82)
as calculated from the host fitting D and t^ for the 
experimental points (using the method of least squares), - 
and hereafter referred to as the Regression Curve of (2x) 
on t, will he as with curve A, below:-
With no /\t applied to the experimental points, the 
regression curve (a ) of (2x)2 on t has a greater "peakiness" 
to it, as above.
If now a A t  is applied, thus effectively shifting the 
experimental points to the right, the regression curve will 
not be as "peaked51 as originally?
As repeated At increments are added to the experimental 
time values, the agreement in shape and position of' the 
regression curve and the experimental points becomes closer# 
Eventually, when the correct £\t has beer applied to the 
experimental points, the two curves are coincidental#
If too great a £\t is applied to the experimental' 
points, it will be seen that the regression curve becomes 
less peaked than the experimental curve#
Thus, a criterion must be established whereby the 
agreement between the regression curve and the experimental 
points is judged to be best# At this point, the correct 
A+ has been applied to the experimental points, and hence 
the D-value may be obtained#
A simple criterion is to compare the maxima of the two 
curves# The maximum of the experimental curve, (2x)iS , 
is found from the experimental points# The maximum of the 
regression curve, (2x)?^ is given by the equation
(2x)? = ###o#o#o(92)
Equation (92) is derived from (82) by putting t = t. «
Wt*/1 5c**
When Aapplied <  ttrue » (2x)iA >  (2x)iB
Applied >  ttrue ' (2x)iA <  (2x>?B
''applied = ’fctrue J ^2x V a . = ^2x^iB
>75
n
Thus, a print-out of (2x) ^  on the computer output will 
enable a comparison of the two (2x)? values, so that when
Da
2  
i
they are equal it may be judged that the correct /\+ -^as 
been applied#
A more accurate criterion is to calculate the scatter
of the experimental points from the least squares regression 
2curve of (2x) on t# This scatter is termed the Standard
p
Error of Estimate of (2x) on t, and is defined by
\ J 2 7 i i - ^ 1  2 * » « a o * o o (93)
N
Thus, for each A  + value applied to the experimental points, 
the standard error of estimate, S, between the experimental 
points and the regression curve of (2x)2 on t is calculated# 
As the +s increased, S decreases until a minimum value is
reached# At this minimum,, the two curves are in agreement,
and thus it may be judged that the correct jb t has been 
applied#
The correct D is thus found, since the D calculated by 
the method of least squares for the experimental points, is 
the true D when the correct A +  has been applied#
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This-'method of calculation is illustrated in the 
section dealing with the experimental results#
This method of calculation gives an exact value of D? 
and is accurate to four significant figures (e#g# 5©221 x 
10 cm /sec) # The method has been repeatedly used in 
this1 laboratory? and is very convenient in use# It is 
essential of course? if this method of calculation.is to be 
wholly successful? that the experimental points are fairly 
complete and that they are "'weighted" equally to either 
side of the maximum# However? this condition applies 
equally well to any other method of calculation# The true 
advantage of the method is that a slight scatter of 
experimental points is permissible? without deterring from 
the accuracy of the calculation#
I I I  ( d )  A q r ^ r j ^ t u s
The arrangement of the wavefront shearing interferometer 
is shown In Fig#9# The complete optical system is 
contained in a constant •••'temperature (thermostatically 
controlled) darkroom# The temperature of the room can be 
maintained to - 0 o1°G (most experiments being conducted at 
2 5 ° C )  .
The optical components are mounted on a 3~metre long 
optical bench? of triangular section? resting on two 10-ft 
long steel girders bolted to three concrete pillars# The
whole assembly, weighing over 1000 lbs, is separated from 
the floor by rubber blocks© The various components in the 
optical system are attached to the bench by adjustable 
saddle stands, fitted with clamping screws©
A 250-W high pressure mercury vapour lamp (MV), 
operated in a vertical position provides a cource of mono-
ochromatic light (at 5b61 A)© The narrow discharge from 
the lamp is focussed through a short focal length condensing 
lens, L1, through infrared and green filters on to a 
horizontal adjustable slit operated from 5M* to 10u©
To reduce the effect of stray light, the lamp, condenser 
filters and slit are housed in a light-proof structure 
(which is adequately ventilated)©
By means of the plano-convex lens L2, parallel light 
is passed through the diffusion cell, 0© By L3 and Lb, 
the image from the cell is collimated through the Savart 
Plate (SP) © Pola3?isers, P1 and P2, are placed before and 
after the Savart plate© The image formed after the Savart 
plate, is rather small, and it is convenient to magnify the 
final image by means of the lens L5^
Details of the lenses used are given below: - 
L1 % Biconvex condenser lens, 100 mm dia©
f « 100 mm©
L2,L3 s Plano-convex lenses, 102 mm dia© Corrected 
for spherical and chromatic aberrations©
LU?L5 s Biconvex lens, 20 mm dia0 f = 75 mm 
The diffusion occurring in. the cell, with the resultant 
interference fringes, is recorded photographically in image 
plane M# The camera used is a 35 mm Robot-Recorder 
camera mounted on the bench with a Robot Kuli Universal 
camera holder0 The camera is fitted with a 30-ft film 
magazine, and an electric booster motor (for continuous 
wind-free transportation of the film)P The camera is 
coupled to a Steuergerat IIa electromechanical time-control 
set# By means of this set, the camera exposure and the 
interval between exposures may be set anywhere in the range 
0o15 secs to 3 hrso The film used is Kodak R«>55 recording 
film, developed in DX-80 developer (2i minutes development 
at 2li°C, 1 + 3  dilution) *
R«55 recording film was chosen after trials with other 
high speed film (i0e0 Ilford HP3* Kodak Tri-X), since it 
has both a high speed and a maximum sensitivity to light 
between 5h00 A and 5 7 0 0  A (59)© The use of R#55 film is 
further enhanced by its insensitivity to red light, thus 
making its handling very simple (the film may be loaded and 
developed in light from a Kodak TWratten 1A filter, with a 
15-W bulb) 0
The Diffusion cell was constructed by Furzer (1) in 
this laboratory, and is of the flowing-junction type# The 
cell.is shown in Fig,10 (photograph) and the principle of 
its construction and operation is diagramatically shown in
ea*7 9"*
Fig.10. The FIowing-Junction Cell.
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Fig©11 © For clarity, the cell has been shown with one 
chamber only, though in actual fact it has two chambers©
The second chamber was originally intended as a reference 
chamber (for Rayleigh fringes), but now serves as a reserve© 
The cell is constructed throughout in stainless steel© 
Sections are bolted together to form the two chambers, and 
the ends are ground plane and parallel© The optical path 
length through the cell is 63 mm© Optical glass flats 
(•§rlf thick) are pressed into contact with the cell ends by 
ten spring-held pressure screws© A polythene gasket 
smeared with silicone grease separates the glass flats from 
the steel faces and copper and rubber gaskets distribute the 
screw pressure on the glass flats©
in the centre of the cell, running horizontally, is the 
flowing-junction slit (set at 15OjJ0° lu operation, the 
two solutions of differing density meet and flow out of this 
slit, the exit being a capillary tube*
The solutions are contained in two reservoirs, which 
are connected to the cell by a manifold with suitable taps© 
A mercury reservoir, of variable height, provides the head 
necessary for the solution and solvent to flow into the 
cell©
The cell, is cleaned and flushed with distilled water 
and air, before being finally flushed with solvent# The 
liquid reservoirs are cleaned, flushed, and filled with 
solvent and solution# The solution strength found to be 
most convenient to work with in the interferometer was 
about O 0O6 weight % difference ©(Hence, as an example, for 
determining the diffusivity in a very dilute solution, one 
reservoir will contain pure solvent and the other will 
contain a solution of 0#6 g/litre# For the diffusivity in, 
say, a 100 ©/litre solution, one reservoir is filled with 
100 g/litre solution and the other with 100*6 g/litre 
solution#)
When the cell and reservoirs have been filled up, the 
thermostat for the room is set at 25°C# The cell is then 
left set up on the optical bench for about 12 — 1b- hours 
(i#e# overnight)# This will ensure thermal equilibrium 
between' the two solutions# ' The establishment bf thermal 
equilibrium is most important, for it must be appreciated 
that small differences in temperature or' slight mechanical 
vibraoions transmitted to the cell can cause much more 
rapid mixing of the diffusing bub stances than the pure 
diffusion process itself# A temperature difference of 
0 #1 ° C  between solutions is'quite sufficient id completely 
alter the shape of the concentration - distribution curve
Once thermal equilibrium has been established? the 
solution (or densei* solution) is admitted to the bottom of 
the cell# The solvent (or less dense solution) is admitted 
to the top of the cello The mercury reservoir is used for 
the necessary, head to provide the flow of solutions, and a 
fine control tap on tho mercury inlet adjusts the rate of 
flow# When the solutions are admitted to the cell, the 
sidestream (from the flowing-junction slit) is started#
By careful control of the liquid flowrates the two solutions 
are caused to meet and flow out at the slit? forming a 
sharp interface#
A very careful control of the flowrate is necessary to 
obtain a sharp interface# Practical experience in operating 
the cell determines this rate? for it varies with the 
viscosity of the solutions being used# As a rough guide? 
a flowrate out of the exit slit of about 20-40 drops a 
minute is needed#
Once the Interface is formed? it is left for. about 20 
minutes to sharpen and establish itself# In the meantime 
the mercury vapour lamp has been switched on (about 20 
minutes is needed before maximum intensity is reached) and 
the camera magazine is loaded#
Visual inspection of the Interface is made by examining 
the image on a ground-glass screen (with magnifying lens
•*84r<=*
as recorded by this interferometer#
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Before starting the recording of the diffusion process, 
the camera is placed in position (the cell image is 
projected directly on to the film)© The time control unit 
is’ set fpr 5 second exposures at 30 second intervals© As 
soon as the first exposure is taken (of the interface) the 
relevant taps on the cell are shut, thus.stopping the side- 
stream discharge and starting the diffusion process in the 
cell ©
Photographic recording of the diffusion process is 
continued until inspection of the image reveals that the 
next-to-outermost fringe pair has merged© With a 0 ©06% 
concentration difference, this will occur after about.60 
exposures (depending on the diffusion coefficient)©
The movement of the fringe-pairs. as recorded photo­
graphically is measured primarily by a Joyce-Loebl double 
beam recording microdensitometer© This instrument trans­
lates the intensity variations on the film (due to the 
fringes) into graphical representations (photograms)©
A typical series of fringe pairs is shown in Fig©13? 
and associated photograms are shown in Fig©12©
The distance between fringe peaks is readily determined 
from the photograms, and hence (2x) for any one fringe pair 
is measured© (The accuracy of the measurement is about - 
0 o002 mm overall)©
~87<~
V/here the microdensitometer is limited in resolution 
(as, for example, when a number of fringe-pairs are very 
closely spaced together), a cathetometer is used to measure 
(2x) P (to an accuracy of - 0#005 nun)#
From these measurements, therefore, a recording of the
p
experimental values of (2x) against t may be made, and the 
diffusion coefficient evaluated by using one of the 
calculation methods described#
~8 9“
IV* EXPERIMENTAL RESULTS,
IV(a)*Example of the Calculation of Diffusivity,
An example of the calculation of diffusivity from 
the fringe, movement recorded by the wavefront shearing, 
interferometer for diethanolamine-water is illustrated 
below#
Run No® DEA 80
T e m p e r a t u r e  i 25© 3 °C
Concentration of DEA solutions. s 4-6205 g/litre
Concentration difference between solutions so08> g/litre
Fringe pair observed s FP#*!
Magnification factor of interferometer s 1*2^82
(Thus, 2x(m)* - the fringe spacing measured on the film,
must be divided by 1.2M32 to obtain the true 2x).
The- fringe-pair movement is tabulated in table 1*
With At. = 0* the best D and t. to fit these
x
experimental points are calculated# From this D and t. ,
2  P(2x )^b is calculated, and the regression curve of (2x)
on t is drawn in comparison with the experimental points
( Fig* 1? )• The standard error of estimate between the two
curves? s ?is calculated by equation 93®
/\ t is; then increased by repeated 10 second 
increments? and the best-fitting D and t^ are recorded? 
together with the calculated (2x)^g and a0 For the 
diffusion of b62*5 g/litre- DEA -» water? these figures are 
given in table 2. The calculation is illustrated graphically 
in. Fig. lb.
From the plot of s against At? the curve passes 
through a minimum- at A t  = 89 secs( the possible error in
estimating. A t  here is, about £ 2 secs. /\ t can? of course?
\
be determined extremely accurately if necessary? by altering 
the A t  increments in the computer programme)0
A curve- drawn through the experimental points- gives
2  2  a (2x ).a  value of 2.07*+ nun., The values of (2x) at each
A t  are compared with this value? and at. A t  ~ 89 secs 
( 2 % ) ^  =  ( 2 x ) ^  .
Thus A t  is. calculated to be 89 secs. From this 
value of A t ?  D is found to be 3*T8b x 10 cm /sec©
p
The regression curve of (2x) on t ? for D~ 3ol8l 
x. 10~6 and /\ t = 90 secs is compared with the experimental 
points in Fig. 16 . It can be seen that there is good 
agreement between the experimental points and this 
regression curve.
Table 1*
F r i n g e ^ P a l r  ( F P » 4-) m o v e m e n t  r e c o r d e d  d u r i ng. D i f f u s i o n  
o f  4 6^ 2 , 5  g/ L i t x e  D S A - w a t e r «
1
t
secs 1
2x(m)
mm.
(2x.)2
2mra.
t. | 
secs
2x(m)
mm.
(2x ) 2
mm?
170 j I .398 1.25to 905 1.773 2.0177
2L0 1.580 1.6023 9L0 1.758 1.9837
2?5 1.633 1.7116 975 1.7-Lo 1.9L33
310 1.665 1.7793 1010 I.7L0 1.9L33
3^5 1.690 1.8332 l o t o I.720 I .8988
3&o I .720 1*8988 1080 I .715 I .8878
Ll5 1.733 1.9277 1115 1.6-90 1.8332
too 1.765 1.9995 1150 1.670 1.7900
L85 1.755 I .9769 1185 1.650 1.7L7L
520 1.780 2.0336 1220 l.6to 1.7369
555 ii?9o 2.0565 1255 1.620 1.68to
590 i.795 2.0680 1290 I .605 1 . 6 5 3 k
625 1.795 2.0680 1325 1.585 I .6125
660 1.793 2.063L 1360 1.560 1.5620
695 1.795 2.0680 1395 1 .5to 1.5321
730 1.798 2.0750 IL30 1.520 l . t o 2 9
800 1.790 2.0565 1L65 I.L83 1 . L 1 1 6
835 I .788 2.o5l9 1500 l.to5 1.3588
870 1.780 2.0336 1535 1.L30 1.3125
Table 2#
Calculation to determine D and ta ( b-62# 5 g/litre DEA-water)#
***92 **
A t
Calculated by method of least 
Squares to best fit Exptl.points
Standard 
Error of 
Estimate
s(xlo2)
D
am2/sea xlO
f t (2x )|b
o 3 . 5 + + 3 7 + 7 . 7 7 2 . 1 2 0 3 6 . 9 5 5
1 0 3 • + 9 9 + 7 5 5 . 2 / 2 . 1 1 + 3 6 . 2 9 3
20 3 . + 5 5 9 7 6 2 . 7 3 2 . 1 0 8 7 5 . 6 9 6
3 0 3 * + 1 3 + 7 7 0 . 2 1 2 . 1 0 3 2 5 . 1 6 9
L o 3 . 3 7 2 2 7 7 7 . 6 6 2 . 0 9 7 9 + . 7 1 5
5 o 3 . 3 3 1 6 7 8 5 . 1 6 2 . 0 9 2 7 + . 3 + 1
6o 3 . 2 9 2 6 7 9 2 . 5 9 2 . 0 8 7 7 + . 0 5 3
?o 3 . 2 5 L 2 8 0 0 . 0 6 2 . 0 8 2 9 3 . 8 5 +
8 0 3 . 2 1 6 7 8 0 7 . 5 + 2 . 0 7 8 1 3 * 7 + 6
9 0 3.1806 8 1 + . 9 6 2 . 0 7 3 7 3 4 7 2 +
100 3 . 1 + 5 1 822.+2 2 . 0 6 9 3 3 . 7 7 9
110 3 . 1 1 0 8 . 8 2 9 . 8 0 2 . 0 6 5 1 3 . 8 9 9
120 3 . 0 7 7 0 8 3 7 . 2 + 2.0609 + . 0 7 0
1 3 0
i
3 . 0 L L 3 8 L + . 6 2 2 . 0 5 7 0 +.281
- 4 3 -
F / G .  1 4
G r a p h s  o f  _ S &  ( 2 x ) 7 p
D E A 8 )
i
<\l
$
f\J
Vf\l
\  ( 2 * ) t-A =  2 - 0 7 4
o \
r
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5 0
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i o o
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2 * 0 8
»
2 - 0 6
1 5 0
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4
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The accuracy of the calculation is determined by 
considering the estimation of A t  (- 2 secs)® The variation 
in D ( calculated by least, squares curve-fitting.) per 
sec® ( A  t ) « 0.0036 x 10“^ cm2/sec.
♦j* 2-
Accuracy of determination of D - « 0.007 x 10 cm, /sea
«  0 . 2  %
17(b) o Diffusional Measurements for the Systems 
Suer ose-Water ? and Ethanolamines- Water.
Diffusion coefficients were measured for four dilute 
sucrose-water solutions, as. a preliminary calibration of the 
interferometer® The following values for the diffusion 
coefficient of very dilute sucros e-water solutions were 
obtained ( at 25°C );-
Run SI , D = 5.221 (i 0.011 ) x 10“6 crn2/sec
52 , D = 5.205 (X 0.015 ) " 11
5 3  ,  D  -  5 . 2 1 6  ( ~  0 . 0 1 2  )  "  11
In arnn S3, a low value of D ( = 5.13 x 1.0 ) was. obtained*
with only limited accuracy. This was almost certainly due
t© an electrical failure ? which, interfered with the 
thermostatic control of‘ the experimentQ However? the values 
obtained in runs $1$ 2? and h agree very well with the 
accepted values for suer os e-water as obtained by previous 
workers ( 28 )( 60 )(6l )©
Diffusion coefficients for the systems mono-ethanol- 
amine/water9 die thanolamlne/water5 and triethanolamine/water 
were measured over a. range of concentrations*
A summary of these measurements is given in table 3* 
Detailed fringe measurements are given in section (c)«
The diffusivity-concentration curves for the amines 9. 
as. measured,, are shown in Fig0l?o
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IV ( c) o Tabulated. Results o
Hun No© s ; SI. to SV
MEA1 to MEA6 
DEA1 to DEA9 
TEA1 to TEA?
The results are tabulated in the following form;-
1) Concentration of diffusing solution*
2) Temperature<>
3) Fringe-pair observed (outermost = 1)©
4-) Tabulated measurements of fringe-pair movement*
a) time- of expo stir e (film frame)*
b) Measured value of 2x (on the film)*
p
eO Actual value of (2x) *
5) Magnification factor, G*
6) Diffusion Coefficient calculated, D*
7) Accuracy of measurement of D*
8>) Zero-time correction factorj Z\t;*
RUN 'NOo S/r.
t=z* c=* (L*i t**i csa r=a c=s
©00473 UT0PCT0SUCROSE water
F* o P  o &
T *:35®S'DEGoC
T
(s e c s )
9 9
a 33  
* 6 5  
. X98
£ 3 2
3 6 4
3 9 7
/* 3 3 0
'  3 ^ 3
* 396 
:  4 3 9
• 4 6 a 
4 9 5
. '  5 3 ^
‘ 5 6 *  
5 9 4  
6 3 7  
• 6 6 0  
6 9 3  
7 3  6  
7 5 9
8 25
a 5 a  
a 9% 
9 s 4 
9 5 ?
aX(ll)
(m m )
O o  7 3 X
0 0 y  4 0
O o y y S  
O o  y 8 x 
O 0 JJ9 9  
O o  S2 1 
O o  8 a x 
O 0 8 3 5
o  o a  2 9  
0 0 8 5 0  
0 0 8 5 0
0 0 8 5 5
0 0 8 5 5
0 0 8 5 0
o  o  8  2 9
o  o 8  *> o -
O o 8 x  5
O o  8  o  5
O 0 7 9 0
0 0 7 8 5  
O q 7  6 6  • 
O o  7 4 4
° o  7  3 3
O 0 7 X  4
o  o 6 7  6  
° o 6 $ x
o 0  5 ^ 7
3 X  SQD 
(mm) 3
X 0 6 3 8 4  
X © 7 3 9 3
2 © 8  7  5 9
2  © 9 3  3 8  
2 © °  2 6*4 
2 0 I 3 S 8  
3 0  2  3 5 8  
3 © 2 9 9 * 3
3© 3332
3 © 3 Q 0 £
3 ©  3 8 0 X  
. 3/© 3  - 20  4  
3 b  3 X 0 4
30  3 8 0  X
3 © 3 2 * 3 2  
3© 2904 
3 0  X O 3 5
3  © o  5  o  5  
2 0 9 5 8 4
X ® 9 4 6 0
• 2 0 8 4 9 5
x o 7  4 5 0
X 0 6 9 OO 
X0 6 0 7 8  
% © 4 4 0 Q
X b 3 3 6 3
£ o O t t y t S
4 * * • * * Q ss O 0 5 6 3 OQ
CALCULATEDooooo D (cMa/SEC X x©~6)» S®33&~-
ACCURACY;,/ V ” ‘ « o.o'ss
. DELTA T (SECS) ** 8 7 -
“ \0 ( **
RUN N0o S/a
fca ten
WToPCTo SUCROSE
F o P o ’ a
DEQ.C
. T s x ( m )
( s e c s )
j 
' 
o? IW
J
"7*
 
1
«£a
 
J
6 5 ® 0  6 6 ®
x &® 0 0 6 8 4
. a  3 5 ® o 7  X 3
X 7 0 < > 0 7 3 9
3 0 5 O 0 7 6 X
O 0 7 8 0
3 7 5 f t o o O O
/.*■ 3 x 0 ® 0  8  x 3  ■
’ 3 4 5 0  0  8  ^ 5
f* 3 OO 0  0  8  g 8
■ 4 3 ° 0 ^ 8 5 5 }
4 8 S O 0 8 5 9
5 3 5 O o . S ^ X
■ 5 9 ° 0  0  8  5  6
6 3 5 0  0  8 5  6
6 6 ®. 0 , 3 8 5 0
7  3 °
7
8 0 0
® o 8  *^  ■*> *
Q o e a * .
f  3 5 p  0 8 x 3
8 7 ® O 0  8 0  X
9 °  5 Oo  7 9 4
9 4 0 0  0  7  7  5
9  7 5 0  0  7  6 6
x o x o 0  0  7  6 ®
X0 4 5 0  0  7  4 ®
X0 8 0 0  0  7 ^ 3  *
- s k s - 0  0  7 ® X
XX 5 0 \ O o g B x
* • * 1 »
a x  S Q D  
• ( m m ) 3
*<>3759 
x& 4 7 6 3
Xo 6 ^ 0 3
X 0 ^ 3  4 0  
S08 -3s a 
X o p x B g  
3o0 X93 
3 o 0 7 9 4
30 3°  5 3 
3  * 3  X 7  X 
303893 
36 3^36 
"■ 3A 34° 9
0  3 X _
, 3 0  3 8 0  X
30 3° 5*3 
3 0 ^ 3 7 4  
3 0  X 3 8  7  
30O794 
3 o ° 3 3 X  
X o 9 8 8 x
* » ® 9 3 4
^08533 
* « ®33S
1 o '/ S S S  
i o 6 5 * a
, 105300.
l ov*
\
*, , « » * • •  > Q ., C2 ® o ^ fj ^
CALCULATED©0/00 ■ D* (CMs/SEC X *&**$)& S’*aOjAGGURAOY»/.+/~ “ ■ » Oooaj
DELTA it (SECS) « -33-"
- l o 3 -
RUN NO. S/ 3
°.o<567 WT.PCT. SUCROSE WATER
FP 3
T =  3 5 * D E G .C
i 3 x ( n ) 3 X S Q D
E C S ) ( m m ) ( m m )  3
I O O 0
0 3 7
3 1 5 8 0
13 5 0 8 5 3 3 3 9 5 3
I  7 O 0 & 3 o 3 4 4 3 °
2 ^ 5 0 9 * 3  * *4 6  3 7 6
3 4 ° 0 9  35 *4 7 5 5 6
* 3 I O 0 9 7  4 3 9 9 3 9
‘ 3 4 5 0 9 9 7 *“ 3 Z 3 2 9
‘ 3 8 0 I 0  1 9 > 3 3 7  61
4 X 5 0 3 6 '  3 3 8 5 6
4 5 0 0 4 4 ' 3 4 4 1 0
4 8 5 I 0 6 1 w 3 5 5 3 5
5 3 0 I ° 7 3  '
OO I
* 3 6 3 9 °
5 5 5 I “ 3 6 ^ 6  4
5 9 0 I 0 8  -7 ‘ 3 7 2  49
6 3 5 z O 9 5 3 7 8  3 0
6 6 0 I 0 9 3 ‘ 3 7 6 3 6
6 9 5 I 1 0 9 * 3 8 8 0 9
7  3 ° I 1 1 8 * 3 9  4 °  3
Z 6 5
I I l 8 k 3 9 4 °  3
8 0 0 I I  3 0 k 3 9 6 0 1
s 35 I I l 8 - 3 9 4 ° 3
G 7 O I 1 0 8 f 3 8 7 -3°
9 0 5 I 1 0 9 * 3 8 0 0 9
9  40 I I 0 8 • 3 8 7  3 0
9 7 5 I I 0 8 “ 3 8 7 3 °
1 0 1 0 I 0 9 5 k 3 7 8 3 °
1 1 9 5 I O 7 O 5 3 6 * 0 0
1 3 8 0 I O49 * 00 4 - 7 0 8
1 5 7 5 0 9 6 ° 3 9 0 - 7 0
I 7 6 0 0 8 6 7 3 3 7 1 6
\
CALCULATED,
_______
D (CM3 / SEC X x o - 6 ) 
A C C U R A C Y /  + / "  
DELTA T ( S E C S )
o . 5 6 3 0 0
5 *  1 3 °  
o .  1 0 0
8 n
RUN NO© S/4
° » ° $ 9 3  ‘WT©POT©SUCROSE WATER 
• ’ F 0 P 0 8
t « 35^3‘DEQoC
T
SECS
5 s 8  
5 6 *  
5 9 4  
6 37 ’ 
6 6 0 ; 
6 9 3  
7 3 6  
7 5 9  
7 9 3  : 
8 3 5
6 gs- 
9 3 4  
• 9 5 7
X2 40
a 3 &3
X5<>6
2 ^ 8  9 
2 8 7 3  
3 0 5 5
s X ( l l )
(m m )
2 & 3 3 9  
lb 3 7 4  
. I© 442
x ® 4 5  3.
2 0 4 8 5  
2 © 498 
* « * 5  3 *■
£ 0  5 4 3
2 0 5 7 6
2 0 5 8 8
x © 5 7 6
So 5 99
2 06X6  
2 o 6 4 4
So 689  
2 ©7  *45 . 
X 0 8 03  
X 6 8 3 4 
£©854  
x © 9 0  5
■3 X SQD
(MM) a
5 ° 5 6 9 6  
• So 9 5 36  
6 0 3 5 * 3 6  
6 o 6 5 6 4  
6 0 9 6 9 6
7 © °  7 5 6
39 8 4
7 0 5 0 7 6
'70 8 40 0  
7 ° 9 5 3 4
70 8  4'QO
8  o o 65 6 
8 0 3 3 6 9  
80 5 3 6 4
9 o O o g g  
• 9 0 6 2 0 0
s o 0 a 400  
2 o o 49 7 6 
2 O 0 9 5 6 X 
, H o 4 3  44
(s e c s )
a x ( n )  
• ( m m )
3X SQD
(MM) 3
3 3 3 8 . 2  0  9 0 3  * £ £  0  4-3 4 4
3 4 3 * . 2 0 9 3 5 X £ o  6 9 6 4
3 6 0 5 X o 9 3 S - * * o 6 9 6 4
3 7 8 8 2 o 9 a 5 2 2 b 6 9 6 4
3 9 7 * x© 9 0 9 2 2 © 4 9 a 2
> 3 * 5 4 2  © 9 0  3  * 2 X 0  4 3  4 4
“ 3 3 3 7  • . 2 0 8 7 5 2  2 0 0 8 8 9
♦ 3 5 3 0 2 0 8 7 5 2  £ 0 0 8 8 9
1 ‘ * 3 8 8 5
2 0 8 3 6
2  0 8 0 ^
XGo 6 ^ 7 6
£ 0 o S 400
4 0 5 9 2 0 7 8 5 S O 0 O 4 8 9
4 3  4 3 2 0 7 6 8 9 0 8 5 9 s
4 4 3 5 • x 0  7  2  a 9 6 3 4 * 6
4 5 0 8 ; X0 6 9 5 9 0 O 6 OS
4 7 9 2 * • 2 0 6 3 3 - ^ 1 8 * 4 x 0 0
4 9 7 4  
5 2 5 7 .  .
2 0  6 2  6  
• 2 0  5 4 3  •
8 0  a 3 6 9
7 0 5 0 7 6
5 3 4 ° 2  o 4 8  6 6 0 9 6 9 6
5 5 ^ 3  • x 0  4 4 2 6 0 5 5 3 6
5 7 °  6 X b 3  2 7 5© 4 7 5  6
■' " Q . «  O 0 5 6 3 OO
CALCULAK ED© o 0 o 6 D ( C M s / S E C  X x©,!a6 ) K,
: A C C U R A C Y / V "  ' «  O0OX3
DELTA T  ( S E C S )  *> 64 -
RUN N0 o MEA/*
iWj til txi C.JUiltnSrfjfciiiRa KJ
0*0378 VTePOTo MEA WATER
i  '  *  »  •  t  ,  ‘
■ V' • • \ • FoPod
T B.‘
T s X ( m )
, , rt
' | ( m m )
6 5 Oo^BO
x & o ' * 0 0 0 7 0 *
* 36 ® o & 9 9
X70 ®<>9 & 3  *
5 ® 5 O095X
34® ® * 9 5 9
a*/ s Oo 9 6 */
3 xo
3 4 5 ® * 9 3 9
.380 ,°0 9 4 7  .
4 -S.5 ® © 9 38'
4 5 0 o© 9x8
4G 5 0 * 8 9 $
5 a o O 0 8 5 9
5 5 5  ■
1 « « U *
0 0 8-34 
. 1 1 *
sX  SQD 
M ) a
$ »4® 4 4  
is<>6' 4 9 8
Qs, $ 8 7 7  
3 o 8 g 3 3 '  ■
3 * 9 0 3 1 5 ' 
so95»* 
3 0 9 * 3 6  
3 a 9°*3 
308393 '
3®7758
3 o S S 8 7  .
f l o g '3330.
3 ^ 3 3 7 9 .
vfs*. „ '
C A L C U L A T E D ® » o u o  '
Q . ■ y a  0  < 9 5 6 3 0 0
D ( C M a / S E C  X *0 “ I ) b  \  x»g.4o--~. 
A C C U R A C Y ,* + / « <  • -. -u o . s o o  
DELTA T  ( S E C S )  - - a  . 3 8 - -
l o  (S
RUN NOo MEA/a
8$*$ Go/LlTRE MEA.WATER T “ sS»3 DEG.G
T 3 X 6 -1) 3 X SQD
m
( S E G S )  ( » 0  (mm) a
* - * i  h v
65  r 0 8 8 3  ■ 0 0 9 5 5 8
^ 0 0  3 6 ‘3 $ 0
* 3 5  3 ^ 4 7 5  s:o 6 ^ 3 ^
x 7 °  3 *>S? 5  * « 7 B $ 3
a ° 5  &<>8 S $ $
3 4 °  a * 6 S d J U & $ $ x
3 7 $ 6 § o  So $ ^3 so & * 6 $ o  l * S $ $1
i 3 4 5  6 3 $ £ 0 8 5 3 6 '3^0 3 3 3 au»/ 3 4$
4 ^ 5  a *  4 0 s  So 6 $ 3 9
1 4 S °  ^ ^ 3 4 ‘j  So 4 8 4 b
4 S 3 3 & a 4 a ^ b 3 ^ ‘ 3 7
o 0 y 0 £ 0 £ 5 <) 3 '
S S S  s * 8 0 3  0 6 9 6 , 0
M.
V
* Gj . 1 B  . & » § & 5 6 &
, !O A L G U L A T E D * »  « » *  D (d M a / s E d  X  s o w ^ j a  9 a S S g
;AddU8Asy» *+/'-• u «t»a
b b l ¥ A  t  L e g s )  *  *
V.\ 1 \
RUN NO® MEA/3 ;
t*c| Irc^ ts=) ttsfl t$tt» E»6 |U*» 6es®
* 3 3 . 3  q . / l i t r e  MEA WATER
FoPo 3
T
(s e c s )
375
‘  © 1 0
345
,  3 8 0
4*5
450
4a5
' 5'3<>
55 S 
59° 
635 
6 6 0
73°
765
poo 
8 70
9?5
X0 4 5
• 2 0 8 0
XXI $
2 250
S 2 8 5
2 3-30
3^55
2390
2335
• 2 3 6 0
2395
2 4 3 °
2465
1500
* 5 3 5
s x ( m )
( m m )
1 0 2 4 0  
'2 o S 9 3  •
2 o 3 O&
* o » 3 ' 3  
2 o 36 $
2 b 3OO
1 o 3  *2 3  •
2 0 3 X 5
£ 0 3 X0  
Xb 3 X 8
Xb 3 3 °
Xb 3 4 3  • 
x b 3  48 
X' 0 3 5 8  
Xb 3 6 5
2  6  3  6  5  
2 0 3 6 5
2b 3  6 3  
X 6  3 6 0  
2 0 3 4 5
£(9 : 3 3 8  
2 0 3 3 8  
Xb 3 X3
2 o 39 5 
2 0 3 8 5  
x<>a8o 
2 0  35°
2 & 3 6 3  ' 
2  0  3 3 5
£03X0 
Xo X 28 
2 0 X 6 3  ’
»X SQD 
(mm) 3
4  o £ 0 0  X
• 4© 49° 3 
4 © 6 0  3 8
4© 7963 
5®°735 
5 6 3 3 1 8  
5 0 4 3 8 9
5.4555
5© 4 * 4 *  
5© 4 8 0  4  
5 0 4 9 7 2  
So 6 9 0 3  
507338
5 0 8 2 8 -X
508783
508783
508783
5085^4
508353
507073
506480 
506480 
5^4389 
503908 
5 3 3 0 9 4  
5® 2590 
4o9 39 5
5 • 0 3 3 6 
4 ® 8  x £ 9  
4 © 6292  
3 * 9 4 3 4  
4® 3673
Q &
CALct,LATED. ©OOO D (CHs/SEC X xo-s)a
: AC CURA CY,/  +/*» a
D E L T A  T  (SECS) «
. « ■ B aS* 3'DEq.C
0 . 5 6 3 0 0
6 . 5 7 5
o ® 0 0 0
33
108
RUN NO. MEA/4
2 4 4 * 5  Q . / L I T R E  HEA WATER T = 2 5 * 3 'D E Q . C
P . P .  3
T 3 X ( m ) 2 X S Q D
s z c s ) (:ss) ( ’ IV '• 2V . •* W
- ° 5
_ 0  - _ 0 • 9 0 ~ to  ^  ^\ > O" OJ
2  4 ° ^  ^O V ^ 2 * 4 6 5 4
2 7  5 0 * 9 0 0 2 * 5 5 5 5
• 3 1 0 0 * 9  2 9 2 * 7 2 2 ^
3 4 5 0  * 9  2 9 2  •  *7 2  2  8
► 3 8 O 0 . 9 4 5 2 * 0 1 7 4
4 1 5 0 . 9  5 0 2 * 9 °  7  5
4 5 0 0 . 9 5 9 2 . 9 0 1 5
4 8 5 0  •  9 5  4 2 . 6 7 1 3  *
5 3 ® 0 .  9 6 0 2 . 9 0 7 5
5 5 5 0 . 9 6 0 2  •  9  0  7  5
5 9 0 0 . 9 5 8 2 . 0 9  5  4
6 2 5 0 * 9 5 0 2 * 8 4 7 3  •
6 6 0 0 * 9  4 2 2 * 7 9 9  5
7 6 5 0 * 9 1 2 2  .  6  2  4 1
8 0 0 0 . 8 8 7 2  •  4 8  2  2
8  3 5 0 . 8 8 5 2  ♦ 4 7  * ®
8  7 0 0 . 8 7 4 2 . 4 ° 9  9
9 0 5 0 . 8 5 4 2 . 3 5 5 1
9 4 0 0  . 8  4 7 2 . 2 6 3 3  *
9 7  5 0 * 8 3 8 2 * 2 x 5 5
1 0 1 0 0 * 8 0 5 2 * 0  4 4  4
Q -  ° * 5 6 3 ° °
CALCULATED  D ( C M a / S E C  X i ° - 6 ) =  6 . 7 2 9
! ACCURACY,/ + / -  = o . O o a
DELTA T ( S E C S )  = 18 y
RUN NO® MEA/5
E&s C*Ai feaft&t!** ******
151.85 Q®/LITRE MEA WATER
FoPi 3 -
T  «
T
(s e c s )
s x (m )
(m m )
aX SQD 
• (MM)a
0 . 3 0 5 3 5 S o  7 3 0 5
- * 3° , ' 3 0  7 6 8 2 « °  6 7  6
6 5 • 3 0 0 x 0 3 ® 4 4 5 °
1 0 0 * 3 °  1 4 5 3 ® 6 6 9 3
* 3 5 f 3 © a  6 0 8 5 8 0
x ,  0 k 3 b 3 ° 3 3  ft9 4 4  s
3 0 5 - 3 ^ 3 5 5 ► 3 0 0 3 7 6 ’
3  4 ° ► 3 % 3 8 8 ►3 * 0 9 ^ 5
3 7  5 • 3 0  4 3 3  4 ► 3 ® X6 X 9
* 3 1 0 • 3 ® 4 s 5 • 3 ® £ 6 5 6
• 3  4 5 ' 3 ® 4 4 ° v 3 0 x 9 3 4
3 8 0 * 3 °  4 s S 4 3 © £ 6 5 6
. 4  + 5 1 3  © 4 x 0 » 3 0 X 3 8 0
4 5 ° 1 3 * 3 9 5 * 3 0 x 1 0 4
4 8  5 ■ 3 b 3 7 ° f 3  *® ^  6  4 6
5  2 ° • 3 ^ 3 5 5 4 3 ® ° 3 7 ^
5 5 5 k 3 * 3 * ® 3 * 9 7 0 9
3® ^ 8  3 65 9 ° ■ 3 0  3 7 °
6 s 5 1 3 * 3 4 5 a *  8 * 4 * 6
6 6 ° ‘ 3 ® 3 3 °  . 3 0 8 x 5 4
6 9 5 4 3 0  X 3 5 3 ® 6 3 5 4
7 3 ° * 3 0 0 8 0 3 ® 5 6 o o
• 7  6 5 f 3 0 0 3 8 ■ 3 ® 4 7 -43 *
3 * 3 0 8 8  •BOO 3 ® 9  3 5
B 3 5
3  © 8  4 0 3 ® X 7 6 6
8  ^ 0 3® 6 7 5 £ ® 9 3  x o
1 • - Gj 1
CALCULATED e © © © o D »CM3 / S E C  X so**(5)i
A C C U R A C Y # *  + / ,m* *■ '
D E L T A  T
.  -r/
(s e c s )
s 5**3 D E Q ® C
£ © 9 3 5 0 0  
8  * t o x 
0 , 0 3 0  
i  1 9 - . -
R U N  NO* M E A / 6
3°5*6 Q./LITRE MEA WATER •
P© P .  3
35*3 -DEQ.C
T ' 3 X (m ) 3 X SQD
S E C S ( m m ) ■ ( m m ) 3
0 s ® 8 oo 30 X X 57
‘ 3° 3 . 8 5 5 3 0 X 99 6
■6 5 ' • 3 «9 & 3 30 4 ° * 3
xoo * 2 0 0 8 0 30 5 50®
* 3 5 • 3 * * 7 5 2 © 7 3 0 4
1 7 ° 1.3 * ^ 5 5 3 0 8 5 9 2
2®S ’ 3 ^ 3 3 8 3 . 9 8 8 9
2 4 ° • 3^ » 3 9 ° • 3© xo$ 3
2 7 5 • 3® 45 ° 13 . 3 * 2 ®
3X0 ► 3 ©5 3 ° ‘ 3® 3 8 2 7
3 4 5 f 3 0 5 7 0 ’ 3 * 4 3 9 3
3 8 0 * 3 * 6 2 3  • * 3® 5 43  3
41-5 '* 3 0 6 7 ® f 3 * 6 3 4 7
450 v  3 0 7 X 0 k 3 0 7 * 4 4
48 5 " 3 ® 7 5 5 - 3 0 8 0 5 0
5 3 0 ■ 3 ® 7 8 $ 1 3 * 8 6 6 *
5 5 5 * 3 0 8 0 0 ► 3 0 89 6 8
5 9 0
6 a 5
* 3 * 8 3 0  
*■ 3 ®8 s 5
* 3 * 9 3 7 9  
f 3®9  4 8 3
66® ► 3 0 8 3 0 ‘ 3 *9 5 8 S
T
(s e c s)
69 S
73°
7  6 5  
8 0 0
■ 8 3 5
8 7 0
9 ® 5
9  4 °
9 7 5
t o x o
x ® 4 5  
x o 8 o
s x ( m )
x 1 5 0  
XX 8 5  
t 3 3 ®
* 3 5 5
X 3 9 ®
'x 3 ^ 5
•x3 6 ®
3 ® 8 3 5
3 . 8 3 0
3 ® ” 3 °
3 * 8 3 °
3 . 8 3 3
3 . 8 3 0
3 * 7 9 3
3 * 7 6 5
3 * 7 3 5  
3© 68 5
3© 6 8 5
3 * 8 F43 
3 « 6 ® 5
3® 5 5 °
3 * 5 * 0
3 © 48 8
3® 4 ^ 5  
3 & 3 8 0
3 * 3 3 5
3 • ^ 9 °
aXt SQD
(mm) 3
f 3 0 9 5 8 9  
‘ 3 ®9 5 8 S 
i‘- 3 * 9  5 8 5 
' 3 ®9 5 8 5 
» 3 *9 4 4 *
■ 3 ®9 5 8 5 
3 * 8 8 3 4
* 3 ® 8 2 5 3
* 3 ^ 7 6 4 6  
*3* 6 6 4 5  
*■ 3® 6 6  4 5  
♦ 3 ® 5 8 x 4
* 3 © 5 0 7 x 
‘ 3 © 4009
•l 3 * 3 f  4 ?
* 3 0 2 8 3  s
c% 3 © & 6 5  6
<■ 3 & o 8 3 ©
*■ 3 © 002 4 
s© 9 3 x®
C A L C U L A T E D © ® ft ® ©
Q x © 9 2 5 ° ®
D ( C M s / S E C  X 1 0 - 6 ) “  5 . 7 7 0
A C C U R A C Y , / + / ~  13 o * o i o
D E L T A  T ( S E C S ) ' a X 53 -
RUN NO® D E A / *
to* t»i itii »ai< tea w 6«4 <*« ey e«i
o . o g o  U T . P C T .  DEA-WATER 
■, F . P i a
T 35»3DEQ*C
T 3 X ( m ) a X  S Q D
( $ E C S ) ( m m ) ■ ( m m ) 3
• X7 O 0 ® 8  3 a 3 * 1 8 3 9
3 0  5 0 0 8 5 5 3 b 3 O 6 3
^  3  4 ° 0 0 8 9 4 • 3 ‘® 5 a * 5
3 7 5 0 0 9 x 9 3 ® 6 6  4 5
1 3 x 0 0 * 9 3 6 3 © 7 6  4 0
► 3 4 5 0 * 9 5 0 3 © 9 °  7  5
y 3 8 G g * 9 6 ‘3  • 3 *  9 ^ 5 7
/ . 4 * 2 5 0 0 9 8 5 ♦ 3  * 0  6  7  a
4 5 o 0 * 9 9 6 ♦ 3© 2  3 9 7  
> 3 © x 4 8 64 ® s 0 * 9 9 9
5 3 0 . X ® 0  X X ♦ 3 © £ 3 ' 4 7
5 5 5 X ® o o 8 * 3© 3 0 5  6
5 9 0 1 * 0 X2 > 3 « a 3 * s
6 6 0 . X©OXO • > 3 ^ 3 x 8 3
6 9 5 . X © o o 8 *■ 3 0  3 0 $  4
7  3 ° XdOOO * 3  ^ 2 5  4 9
7 6 5
8 0 0
0 * 9 9 8 .
6 * 9 8 8
> 3 © x 4 * 3 3  
, * 3 © 0  7 9  6
?  3 5 0 © 9 8 8 • 3 * 0 7 9 6
8 7 G 0 © 9 5 8 3 ® 9 5  6 &
9 °  5 0 * 9 5 8  ■ • ^ © 8 9 5 4
9 4 0  ' 0 * 9 4 5 3 * 8 X 7 4
9 7 5 0 * 9 3 5 3 ^ 6 9 9 4
x o S o 0 * 8 8 5  ’ a© 4 7  2 0
C A L C U L A T E D . W • ® *
£sj'
D ( C M a / S E C  X x o ~ 6 ) «  
AC CURACY/•+/*■•
DELTA T ca
6 © 5 6 3 O 6
6 * 6 3 4 “ “' 
‘ 1
* ♦•> ? , 4 * * * # ■
5 4 * 5  G e / L I T R E ' D E A <WATER T  “  a
F  © P  *  3
RUN NO*'DEA/a
T s x ( m ) a x  S Q D
( s e c s ) ■ ( m m ) ( MM)  a
0 0  © 3 8 0 I 0 O 6 -X3  -
f 3 5 ° ®  6*36 x 0 3 3 6 3 1
-  5 a 0 , 5  4 0 £ 0  3 9 3 3
6 5 0  © 5  6  4 Xu 3 9 x 0
x o o 0  © 5 8  7 X* 4 8 9 O
* 3 5 0  » 7 0 8 X0 5 8 X 4
1 . 1 7 0 0 * 7 3 - 3 X * 6 ‘4 9  x .
3 0 5 ^ • 7 3 0 • x © 6  8  x 3
3  4 ° 0 * 7 3 3 • x® 6 9 ° 5
3 7 5 0 * 7 3 3 £ * 5 9 0 5
* 3  SO 0 • 7  3 6  • £ 0  7 0 9 0
* 3 4 5 a ® 7 3 4 ■ £ * 6 9 9 7
* 3 8 0 0 * 7 3 8 £ 0 6 7  3 0
4 ‘X‘ 5 O » 7  3  ‘3 £ 0  6  4 4 6
• 4 5 0 o * 7  x x 1 * 5 9 4 9
4 8 5 0  * 6 9  3 £ 0  5 x 0 8
5 3 0 0 * 5 8 0 . £ * 4 5 8 8
• 5 5 5 ° « 6 5 6 XW3 S 7 7
0 * 6 3 5 x© 2 7 3 X
6 s 5 0  * 6 3 0 x ® 3 X 2 7
6 6 0 o * 6 o a . -  ' £ * o£ 3  5  6
6 9 5 0 * 5 8 0 x * 0  6 ‘X 3  *
7 3 ° 0 . 5 5 9  • 0 © 9 8 5 8
1 6 $ ° » 5 ' 4 a ° ® 9 3 6 8  .
C A L C U L A T E D . . * • •  D ( C M a / S E C  x  + ° ~ 6 ) =
ACCURACY s= +/*••" «
DELTA T  ( S E C S )  .«
i
S®3 ‘D E G . C
o  & 5  6 3  0 0  
5 ® 3 7 7  ~
100
" 1 0 9 Q . / L I T R E  DEA WATER ■ T “ ,2 5 a 3 DEQoC
F o P 0 3
R U N  NO© D E A / 3
T s x ( m ) s X  S Q D
( s e c s ) ( m m ) ■ ( n h ) s
X7 O . 0 * 5 8 9 X 0  4 9  7  7  
X0 6 O 3 8•A 2 ® 5 O 0  7  S£r 3  -
2  4® 0 * 7 3 4 X0 6 9 9 7
3 7 5 0 0 7 3 6 X0 7 O 9 0
■ . 3 x 0 0  0  7  4 * I o  7  3 s  3
1 3 4 5 Oo  7  4 7 I 0 7 6 0 5
t- 3 8 0 0  0  7  4  4 I o 7  4 6 ’3
4X-S ' 0  0 7 . 4 3  • 1 0 7 4 x 6
4 5 ° O 0 7  4 2 X * 7  3  7  0
4 S 5 0 * 7 4 4 - X 0 7 4 6 3
5 3 0 0  * 7  3  0 £ 0 6 8 X3
■555 0 * 7 X 3 * 0 5 9 9 3
5 9 ° 0 * 7 6 4 * « 5 6 3 6
. 6 2 5  
;  6 6 6
0  © 7 ® 2  
0  © 5 8 0
*<>55  4 7  
% & 4 5 8 8
6 9 5 0  * 6 y 4 x « 4 3 * 3 »
7 3 ° o p  6 4 * 3 • * b 3 °  4 4
7 6 5
8 0 ©
’ Oo 6 s 5  
O b 6 0 8
£ 0 2 3 3 4  
x © x 6  6  3
A 3 5
Oo  5 9 X- £ 0 X6 x 9
8 7 O 0  » 5' 7  4 1 . 0 - 3 9 5
9 Q 5 0  0 5 * 3 6 0 o ? o 6 4
9  4 ® 0  0  5 0 a 0  * 7  8  8  7
9 7  5 0 1> 4 7  s ® 0  7 O 3 9 .
“ 1:3 o  o 5  6  3 0 0
CALCULATED©®oo© D* (CM2/SEC X 4°877'
: A C CU R A CY ,/■+/** a  Oo@#|f
D E L T A ;T (SECS) «  -g o -
R U N  NO. 4
—  It
1 5 4 * 5  Q . / L I T R E  DEA WATER
F . P . a
35*3 DEQ.C
T
SEC S
IOO
* 3 5
1 7 O 
30  5
2 4°
3 7 5
• -? 1 0
• 3 4 5
• 3 8 0  
4 2 5
4 5 °
4 8 5
5 2 °
5 5 5
590
625 
6 6 °  
69  5
7 3 °  
7 6 5  
8 0 0  
8 3 5  
8 ? o 
9 0 5  
2 0 4 5  
1 0 8 0  
1 1 1 5 - 
1 1 5 0  
1 1 8 5
3 x ( n )
( m m )
1 * 9 8 0
2 • £ 3 5  
2• 26° 
2* 335
3 *  44O 
3 . 5 1 8
3 . 5 5 5
3 . 6 XS 
2* 6 9  3 
2* 7 1 0
2* 7 45 
2 * 7 5 8
2 # o 0 7  •
3 * 8 0 8  
2 * 8 3 5  
3*8 40 
2 * 8 6 7  
2 * 8 8 3  
3 * 9 2 °  
2*925
2 * 9  2°
2 * 9  2 °  
2 * 9 4 °  
2# 9 4 8  
2 * 9 2 8
2* 9  3 8
2 * 9  43  
2 * 9 2 8
2 * 9 4 3
3 X SQD T
(MM) 3 ( s e c s )
3 * 3 X 1 1  • I  2 3 °
2* 68 7 I * 2 5 5
* 2 *O'I0 9 1 2 9 0
♦ 3 * 2 1 4 * *1325
’ 3 » 5 0 9 7 •I 360
' 3 * 7 3 7 8
> 3 . 8 4 8 3  •
1 3 9 5
1 4 3 0
4 * ° 3 11 1 465
4 * 3 7 5 3 1 5 0 0
4 * 3 39 4 1 5 3 5
4 * 4 4 x 9 1 5 7 °
4* 48 41 1 60  5
4 ® 6 3 1 6 1 6 4 °
4 * 6481 1 6 7 5
4 * 7 0 46 1 7 1 0
4 * 7 5  47 
4 * 8 4 5 5
1 7 4 5
1 7 8 0
4 . 8 9 9 7 1 8 1 5
5 * 0 2 6 3 1 8 5 0
5 * 0 0 9  1 x 8 8 5
5 • 0 2 6 3  * . 1 9 2 0
5 * 0 3 6 3  • X9 5 5
5 * ° 9  5 4 1 9 9 °
5 * x 2 3 2 2° 2 5
5 * 0 5 3 9 2°6°
5 . 0 8 8 5 2 ° 9 5
5 * 1 0 5 8 2* 3O
5 . 0 1 9 4 2 2 7 °
5 * 1 0 5 8 2 3 0 5
3 X ( m )
( m m )
3 X SQD
(MM) 3
2 * 9  2 8
2 * 9 4 5  
2 *  9 3 °  
2 *  9 3 3  
2 *  9 0 0  
2 * 8 9 3  
2 *  8 7  5 
2 * 8 3 8  
2 * 8 3 8  
2* 8 8 8  
2 * 8 8 8  
3 . 8 3 3
2* 8 40
2 * 7 8  o
2 * 7 5 3
2* 7 2^  
2* 738
2* 7 3 °  
3 *  6 7 8  
2 • 6 2 °  
2 * 5 0 0
2 * 5 7 3
2 * 5 3 5
2 * 5 ° °
2 • 5 °  3 
2* 4 6 5  
2  • 3 2 3  
2 * 3 3 5  
2 * 1 4 3
5
5
5
5
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
3
3
3
3
3
3
2
2
° 5  39
1 1 2 8
0 3 6 3
° y l 2
9 5 7 7
9 3 3 8
8  7 2  6  
7 4 8 0  
^ 4 8 0  
9 x 6 8  
9 1 5 8
7 3 1 3 
7 5 4 7  
5 5 5 9
46 78
3 7 10
3 7 1
3 6 x 4
2 3 7 7
0 4 6 6  
9 8 5 °
9 0 3 7
7 8 8 *7
6 8 4 4
69  3  3 
5 8 1 9  
1 8 1 1
9  4 4 7 - 
7 °  7 3
<' * 1 1 Q °  1 » 3 ° 2 4 4
C A L C U L A T E D . . ' . . .  D ( C M a / S E C  X 1 0 - 6 ) =  4 . 6 3 5
A C C U R A C Y /  + / ~  =  ° . 0 1 0
DELTA T  ( S E C S )  = 5 s
R U N  NO. DE A / S
5 6  G . / L ! T R E ' D E A  WATER
FoP‘o3 •■
T  *=*3 5 ® 3  - D E Q o C
T
- S E C S  
■■1 35
. X^O
3 O 5 . 
3  4 ° ;
3 7 5
* 'ilO
’■ .3 45
* 3 8 0
'4 + 5
4 5 °
4 8 5
5-3°
5 5 5  
5 9 0  •
6 6 °
69 5
7 3 °
7 6 5
8 0 0
s 3 5
8 « o
3 X ( m ) ; 3 X  S Q D  • T ' s X ( m )
• ( n m ) • ( m m ) 3 ( S E C S )»«**
■ ( m m )
£ © 9 3 4 3 ® x 8 ^ x 9 0 5 3^>330
1 . 9 . 5 8 _  3 * 3 6 0 0 9 4 ° ^ g 3 s 5
2 * 0 3 5 3 * 4 4 S 3 ; 9 7 5 s * 3  X5*
3 0 0 3 3 3 * 4 3 6 5 x o x o 3 0 3 X 5
s »  + + 5 3 * 6 3 7 ^ X0 4 5 3 0  3 9  5
So I  4 0 a * 6  9 9  7 X0 8 0 3o  3 8 5
3 . 1 5 5 3 * 7 3 7 7 x x * S • 3 0 3 8 0
3 0  3  X 0 3 * 0 7 9 3  ■ XX 5 0 3 0 3 7 O
3® 3 3 5 • a » 9 + 8 4 XX8 5 , 3 0 3 , 7 0
3® 3 5 ° 3 . 9 8 * 4 3  • : , X 3 3 0 3 o  3 6 3  *
3 * 3 5 3 2 . 9 8 9 7 • S 3  5 5 * 3 « 3 5 0
3 * 3 5 4 s « 9 9 5 ° £ 3 9 ° 3 0  3*55
3® 35*4 2 . 9 9 5 ° « 3 3 5 3 0  3*45*
3 ® 3 ° ° *■3 . 1 x 8 5 £ 3  5 0 3 0  3 O 3 *
5 * 3 3 ° f 3 * 3 0 0 3 • * 3 9 5 3  0 x 6 °
3 *  3 3 5 *■ 3 ® X& 6 6 1 4 3 0 : 3 0 0 9 0
3 * 3 3 5 > 3 . + 8 6 6 £ 4 6 5 3 0 0 6 3  *
3 * 3 3 0 » 3 ® 3 O O 3  * X 5 0 0 3 o 0  ^ 0
3 * 3 3  5 * 3 * 3 * 4 * £ 5 3 5 £ © 9 9 3  *
3 * 3 4 ° > 3 * 3 3 7 9 X3 7 0 a © 9  8  0
3 * 3  35 *■ 3 # 3  x 4 s ■ £ 6 0 5 £ * 9 * 3 5
a x  SQD
( MM)  3
* 3 0 + 7 3 9
* 3 °  + 5 9 3 •  
, 3 0 1 5 9 3  -
' 3  o + 5 9  3 ' 
‘ 3  o + 0  49  
‘ 3 o 0 7 7 9
■ 3 0 O 6 4 5
'' 3 o 0 3 7 6  
f 3 0 0 3 7 6
* 3 0 0 x 8 9
3 0  9  8 '43 ' 
3 0 9 9 7 6  
3 <> 9 7 X £
3 0 8 6 XQ
3 0 7 5 0 4
3 0 5 7 S o
^ © 5 0 8 9  
• 3 0 4 s 9 3 * 
3 * 3 4 * 5
. d b 3 * S ;i- 
3 6  3 ^ 7 3
C A L C U L A T E D « • #
Q «  X o 3 0 3 4 4
D (CMa/SEC X +°“6)« 4oi8x .
: A C C U R A C Y .»•+/** 13 0
DELTA T  ( S E C S )  «  +60
RUN MO.
3 4 7 • 1 5 Q . / L I T R E  DEA WATER
T  D ?1 • ‘ » 3
j
T *a X ( M ) 1 V</ 4 \ SOD
s e c s (MM) ( i B l ) s
1 70 1 . 7 6 5 I • 9 9 9 5
2 0 5 1 . 8 1 5 2 1 1 4 4
2 4 0 1 . 9 0 5 *"* 2 3 2 9 3
2 7 5 1 * 9 8 0 0 5 * ^ 3
3 10 2 . 0 3 3 2 6 5 2 8
3 4 5 2 • 08 8 2 7 9 8 3
380 2 * 1 1 5 2 8 7 1 1
4 * 5 2 .  150 / 2 966 9
'450 2 . 1 9 3 3 o 8 6 3
4S5 2 * 2 X 8 />j 1 5 7 6
C ** n j  u 2 . 2 5 5 3 2 6 3 8
5 5 5 2 . 2 7 5 3 3 2 2 0
5 9 0 2 . 3 * 5 00 43 98
6 2 5 2 .  3 4 3 3 5 2 3 5
660 2 . 3 5 5 toO 5 5 9 7
695 2 .  385 3 6 449
7 3 ° 2 . 3 9 5 j 6 8 1 7
7 6 5 2 . 4 2 5 7 7 4 5
Coo 2 . 4 3  5 3 8 0 5 7
8 3 5 2 . 4 6 5 •?j
C70 2 . 4 7 5
9 0 5 2 . 5 0 5 .76
9 4 c 2 . 5 * 0 4 0 4 3 7
9 7 5 2 .  5 5 c 4 1 0 8 4
1 0 1 0 2 .  5 j o 4 1 0 8 4
l 0 4 5 2 * 5 4 3  . 4 1 5 ° 7
1 08 0 2 . 5 4 5 4 1 57  3
1 1 1 5 2 .  548 *r 167 1
1 1 5 0 2 . 5 5 5 1 5 0 0
1 1 8 5 2 . 5 6 5 z*V 2 2 2 9
D E A /  6
T = 2 5 . 3 . D E C . C
T * X ( M ) 2  X SQD
( s e c s ) ( MM) ( M M )  2
1 2 2 0 2 . 5 7 5 4 2 5 5 8
1 2 5 5 2 .  5 7 5 4 2 5 5 8
1 2 9 0 2 .  5 8 8 4 2 9 8 9
* 3 2 5 2 . 5 8 5 4 2 8 9 0
1 3 6 0 2  • 6 0 0 4 3 3 ® 9
* 3 9 5 2 .  5 9 0 4 3 0 5 6
1 4 3 0 . 2 . 5 7 0 4 2 3 9 3  ’ ’
1 4  6 5 2 . 5 9 8 4 3 3  2 2
1 5 0 0 3 . 5 8 5 4 2 8 9 O
* 5 3 5 3 . 5 8 5 4 2 8 9 O
* 5 7 0 2 . 5 7 0 4 2 3 9 3
1 6 0 5 • 2 . 5 4 8 4 I 6 7 I
1 6 4 0 2 . 5 5 0 4 1 7 3 6
1 6 7 5 2  • 5 4 0 4 I 4 O 9
1 7  1 0 2  . 5  4 0 4 1 4 0 9
1 8 1 5 2 . 5 3 0 4 I C 8 4
1 8 5 0 2 . 5 1 5 4 0 5 9 8
1 9 9 0 2 . 5 1 0 4 0 4 3 7
2 C 2 5 2 .  4 8 7 to0 9 7 * 5
' f ^ 2 .  4 2 5 to0 7 7 4 5
r 2  .  4 2 5 3 7 7 4 5
2 1 3 .. 2 .  4 4 0 toj 8 2 1  3
2 1 6 5 2 .  4 2 3 3 7 6 8 2
2 2 0 0 2 . 4 I O 3 7 2 7 9
2 2 3 5 2 . 4 I O 3 7 2 7 9
2 2 7 C 2 # 4 0 0 3 6 9 7 0
2 3 0 5 2 * 3 9 0 3 6 6 6 3
2 3 4 0 2 . 3 8 0 3 - 6 3 5 7
2 3 7 5 2 . 3 3 8 3 5 0 S 5  v
2 4 4 5 2 . 3 2 8 3 4 7 8 5
Q “ 1 * 3  48 3 0
CA LCULATED  D (C .M 2 /SE C X 1 0 - 6 ) =  3 . 7 3 6
ACCURACY, + / -  •• = 0 . 0 ,
D E L T A  T (SECS) = 40°9
RUN NO. DEA/ 7
3 4 7 . 1 5  Q . / L I T R E  DEA WATER T = 3 5 . 3  D E q . C
E.P.4
‘ T 3 X ( N ) 3 X SQD
( S E C S ) , ( m m ) (MM) 3
2  4  0 £ 0 6 5 0 x . 7 4 7 4
2 7  s  ' ! 1 * 6 7 8 x 0 8 0 7 2
““ft 3* 0 1 * 7 2 3 : 1 * 9 0 5 5
3 4 5 1 * 7 5 0 1 * 9 6 5 7
/ 3 8 0 1 * 7 5 8 1 * 9 8 3 7
4 1 5 x * 7 9 8 2  a 0 7 5 0
4 5 0 X* 8 2 0 : 2 * £ 2 6 x
/ 4 8 5 I  * 8 2 0 : 2 « x 2 6  x
'5^ o 1 * 8 3 5 2  * x 6  X2
555 i  • 8  6 0 2  * 2 2 0 5
590 ■1 . 8 7 5 2 * 2 5 6 5
6 2 5 1 * 8 9 5 2 * 3 0 4 9
6 6 0 . x . 8 8 0 2 * 2 6 8 5
6 9 5 1 * 8 8 3 2  * 2 7  5 8
7 3 0 1 * 8 9 0 2 * 2 9 2 7
7 6 5 £ ■ * 8 9 0 2 * 3 9 2 7
8 0 0 1 * 8 9 3 2 © 3 0 0 0
8 3 5 1 * 8 9 0 2 * 2 9 2 7
8 7 0 1  * 8 8 a 2 * 2 6 8 5
> 0 5  ■ x * 8 7  5 2 * 2 5 6 5
9 4 0 1 * 8 5 8 2 * 2 X 5 8
9 7 5 1 0 8 4 0 2 * 1 7 3 0
1 0  x o £ * 8 3 5 n * x 6  X 3
1 0 4  5 x * 8 2 0 2  « 1 2 6 - 1
1 . 0 8 0 X * 7  9  0 • 2  * 0  5  6  5
1X1$ X 0 7 7 0 2 * 0 1 0 8
XI50 1 0  7 5 5 -1 * 9 7 6 9
1 1 8 5 1 * 7 5 0 x * 9 6 5 7
1 2  2 0 x * 7 2 0 1 * 8 9 8 8
I 2 5 5 1 * 7 0 5 X * 8 6  5 9
I 2  9 0 1  * 6 8 8 £ * 8 2 8 8
I 3 3  5 1 . 6 3 5 x * 7 1 5 8
■ I 3 6 0 1 * 6 2 5 1  * 6 9 4 9
1 3 9 5 2 * 5 9 0 X d 6 2 2 7
x 4 3 0 £ • 5 5 ° x . 5 4 2 0
1 4 8 5 £ * 4 8  5 1 * 4 x 5 4
x 5 0 0 1 * 4 5 5 X 0 3 5 8 8
1 5 3 5 X • 4 1 w 1 0 2 7 6 1
q  . • =  • x . 2 4 8 3 0
CALC ULA TED  D ( C M a / S E C  X x o - 6 ) =  3 , 7 - 3 1  .
ACCURACY, + / -  = o.QOQ
DELTA T ( S E C S )  ■= . 4 6
RUN NOo DEA/ 8
4 6 s o 5 Qu/ L I T R E  DEA WATER
F 0 P 0  4
T «: 3 5^ 3  'DEQoC
T s x ( h ) 2 X  S Q D
S E C S ( m m ) ( m m )  3
X 7 O X b 3 9 8 I 0 3 5 4 4
2 4 0 £ © 5 8 0 £ 0 6 0  2  3
2 7 5 X O 6 3 3  ■ • Xo 7  x i  6
• o X OV x 0 6 6 5 1 0  7 7 9  3
■ 3 4 5 x 0 6 9 0 £ 0 8 3 3 2
► 3 8 0 I  0 7  2 ° 1 0 8 9 8 8
4 * 5 £ 0 7 '3 3 £ 0 9 3 7 7
4 5 ° £ © 7 6 5 £ * 9 9 9 5
4 8  5 £ 0 7 5 5 £ 0 9 7 6 9
5 s ° l a  7 8 0 3 . 0 3 3 6
5 5 5 x 0 7 9 0 2 * 0 5 6 5
5 9 ° I 0 7 9 5 2  © 0  5 8  0
6 2 5 , X 0 7 9 5 2  © 0  5 8 0
6 6 0 1 0 7 9 3  • 2 ©  0  6 3  4
69  5 X 0 7 9 5 2 * 0  6 8 0
7 3 °  
8 0 0
■ X 0 7 9 8 2 ^ 0 7 5 0
X a 7  9 0 2 ® °  5 6 5
a 3 5
X 0 7 8 8  . 2 ^ 0 5 1 9
8  7 0 £ 0 7 8 0 2 ^ 0 3 3 6
T
(s e c s )
90  5 
9 4 0
9 7 5
I O X Q
I 0 45
1 08 0
xx *5
x 1 5 0
1 x 8 5
£ 2 2 0
• £ 2 5 5  
£ 2 9 °  
S 3 2 5
X 3 6 0
£ 3 9 5
X 4-3 °
£ 4 6 5
X 5 0 0
x 5 35
3 X ( m )
I o 7 7 3
1 0 7 5 8  
X o 7  40 
x o 7 40
£ o 73O 
£ 0 7 x 5
Xo 6 9 0  
l o  67O 
x o 6 5 °  
Xo 6 4 5  
x o 6 sO 
X 0 6 0 5
• X0 5 8 5
x«5Qo  
10 5 45
X 0 S 2 0  
X o *48 2
• £ 0 4 5 5
'■ Xo 4.3O
2 X  S Q D
(m m ) a
2  o O X 7  7  
Xo 9 8 3  7
Xo9 ‘43  3
Xo 9 4 ;
l o
X O 8 8 7 8  
£ 0 8 3 3 2
£0 y 9 ° °  
Xo 7 4 7 4  
I o 7 369  
£ 0 6 8 4 5  
£ o 65  3 4  
£0 6 ^ 2 5
• £ 0 5 6 2 0  
■ IO 5-3 3 I
£ o 4  0 2 9 
I  d 4 ‘X'X 6
• £ 0 3 5 ^ 8
• £'c>3£-25
C A L C U L A T E D © © © © ® D (CMs/SEC X io~6)‘ 
ACCURACY f +/- ■ 
DELTA T (SECS)
Xo 3 4 6 3 0  
» 3 0 x 8 5 . - -  
O etQQffi
8 9 J
RUN N0o DEA/90*4 K »  Bw| tai* M 9  f a t  . 1 3  *>*» )nt m i  *w»
& « 4 8 °® 9
♦ * ♦
G . / L I T R E ' D E A  WATER 7* ss a S <»3 DEGoC
T ' •3 X,(m)
F©P& 3 • 
3 X SQD T ■ax(M )
1
a x  s q d
SECS ( m m ) - ( m m ) 3 • ( S E C ^ ) ■ ( m m ) (mm) 3
•Z70 X ©670 x© 7 9 0 0 + 4 3 ° 30 460 f3 °  88 43
zO$ £ 0 7 5 5 X 0 97 69 + 4 6 5 • 3 * 4 5 5 * 3 0 8 5 8 4
’ 3 4° X ® 8 40 V'"~ 3 0 X 7 3 0 X50O ' 3© 448 • 4 3 0 8 4 5 4
3 7  5 X09O5 3 & 3 3 9 3  * • S5'35 30 4 5 ° * 3 0 8 5 3 7
> 3 x 0  . . s® 985 3 * 5 2 9 ° ■ s-5 7 ° * 3* 4 5 ° t 3 0 85 3 7
* 3 4 5 3 ®OS‘S 3 ®6 ° 6 ° • X605 438 * 3 0 8 X 5 0
f 2 ' 2®o 8o 3 0 7 7 6 9
2 * 8 5 7 5
S6 4c4 . 3 * 4 3 8 * 3 0 8 x 5 0
4+5 3 ® sx o  . X6 7 5 • 2© 4 5 3  ‘ * 3 0 8 6 3 s
4 5 ° 2 © X70 * 3 ® O s2 4 X7 xo • 3 0 4 6 5 * 30 9 0 0 0
. 485 2® x 90 ► 3 © 0 7 8 4 S745 3 * 4 3 ° * 3 o 79OO
* 3 0 8 5 2 7S s ° 3 0 3 3 s ► 3 ® 3O63 X780 2© 4 5 °
5 5 5 3 * 3  45 , *■ 3 0 3 3 4 9 18 *5 20 45 0 * 3 © 85-37
5 9 ° 3 © 3 8 5 * 3 5 * 3 X8 50 30 4 s 5 * 3 ° 7 7 4 5
. 6 a 5 2® 39  5 * 2b 38 06 X885 20 4 * ° <• 3 0 7 2 7 6
6 6 ° 3 *> 3 3 ° * 3® 45  4 ? X9-20 30 388 • 30 6 6 ° s
6 9 5  . 2 ^ 3 3 5 . * 3° 4 9 9 5 3 0 3 5 2 ^ 3 8 5 4 3 0 6 5 * °
7  3° 3 * 3 6 ° - 3 ® 5 7  48 2 0 6 0 3 ^ 3 8 8 * 30 6 6 ° a
76S 3 * 3 5 5  ^ 3® 5 5  97 3 0 9 s 35  36 5 4 30 5 9 00
WOO- 2-a» 380 *■ 3 * 6 3 5  7 3& 30 3  ^363 * • 3 ° 5 S 3 9
® 3 5  . 3 & 38 5 -<• 3 * 6 5 x 0 .3X65 30 3 40 * 3 © '5 S' 458jq 2W39S «■ 3© 6 8x 7 23 35 25  3 3 ° f 3 * 4 5 4 7
9 °  5 ' 3 « 4 SO f 3 0 7 2 7 9 2305 35  3X5 > 304-398
9 4 0 3 « 4 * ° f 3 * 7 3 7 9 2 3 4 ° 25 3 2 0 " 3© 4 3 5 °
9 ? 5 2« 4 2 ° •* 3 ®7 5 ^ 9 3 3 7 S 3 © 378 4 3 b 3 3 ° 7
x o x o . 2 * 4 3 5 * 3 , 8 0 5 7 3 4 s 0 3 0 2 7 5 * 3 h 3 &%°
10 45 3«435 • 3 * 8 o 5 7 3  4 4 5 3 0 3 7 3  * > 3b 3 X 6 s
1.080. 3© 4 4 ° ► 3«82‘X3 • 3 4 8 0 3 © 2 65 3 0 3 9 3 8
xxx-5 3® 4 3 5 • 3 0 8 0 5 7 3 5 * 5 3 * 3 4 ° • * 36 2 3 ° 5
1 x 5 0 2 * 4 3 5 * 3 * 8 0 5 7 3550 2* 2 3 ° > 3 0 x 9 x 8
XXs 5 3 © 4 4 5 " 3 * 8 3 7 0 
_ > 3® 8 58 4
3585 3 © &3 ° * 3 ° * 6 3 3
s s  5  5 3© 4 5 5 3 6 3 6 30  3 X5 * 3 0 X 4 9 ^
1 3 9 0 2© 4 6° f 3© 8 8 4 2 3 6 5 5 2o X90 f 3 © 0 7 8 4
* 3 3 5 2 0 4 6 3 ‘ 3 * 8 9 3 7 3 6 9 ° 3o s 60 3© 9 9 4 6
£3 6 0 30 465 t 3« 9 0 0 0 3 7 3  5 3 © s 5 3 2,9753
* 3 9 5 3* 465 * 9OOO 37 6 ® 30X33 30 92^3
*
G
■
X 0 3 48 3O
C A L C U L A T E D . . . . .  D ( C M a / S E C  X + ° ~ 6 ) »  > 3 » ° 8 g
! A C CU RA CY ,1 + / "  b  o o0©©
, DELTA T: ( S E C S )  = £ 4  3  ■
H U M  M O .  T E A / i
F . P . 3
0 . 0 5 4  WT.PCT. TEA WATER
T  3 X ( m )  2 X  S Q D
( S E C O )  (MM) (M M )3
J© I . 3 2 0  I . 0 2 7 1
65 I . 4 9 O  1 . 3 0 8 8
I O O  I . 6 0 5  I . 5 I 8 6
1 3 5  1 • 6 8 0  1 • 6 6 3 8
* 7 °  i * 7 5 5  ' 1 . 8 1 5 7
2 0 5  1 . 7 8 0  1 . 8 6 7 8
2 4 0  1 . 8 0 5  1 . 9 2 0 6 .
/  2 7 5  1 . 8 1 0  1 •  9  3  *  3
3 1 0  i . 8 i o  * . 9 3 * 3
3 4 5  1 • 8 0 5  x . 9 2 0 6
3 8 0  1 • 8 0 0  1 . 9 1 0 0
4 * 5  1 * 7 9 5  1 . 8 9 9 4
4 5 °  1 . 7 6 0  1 . 8 2 6 0
4 8 5 x * 7 4 5  . * * 7 9 5 0
5 2 0  1 . 7 3 5  * * 7 7 3 9
5 5 5  1 . 6 7 8  1 . 6 5 9 8
5 9 0  1 . 6 2 8  1 . 5 6 3 4
6 3 5  1 . 5 4 8  1 . 4 1 2 6
6 6 0  1 • 4 6 7  1 . 2 6 8 7
6 9 5  * . 3 6 5  1 . 0 9 8 4
C A L C U L A T E D   D  ( C M 2 / S E C  X  1 0 - 6 ) =
A C C U R A C Y ,  + / -  ••  =
D E L T A  T  ( S E C S )
—  I 2 .0
=  - 3 5 . 3 D E Q . C
• * j.
I  •  3 0 2 4 4  
6 .  4 2 2
0 * 0 1 0
. 62
054 WT. PCT. TEA WATER T = ■ 3 5 .3 DEQ.C
■' ' P.P.a.
T x (h ) '8X SQD
SECS) , m m ) (MM) 3
3 0 1‘ 4 3 0 1 . 3 0 5 5
6 5 *x 6 1 0  ' n  5 9 8 0
xo© J 7 3 5 X*754*
135 I 3 3 5 2 * 9 8 5 0
2 7 0  • X 9 0 0 s*xa8 x
3 0 5 • X 95® 3 *3 4 x6
• 3 4 0 X 995 ' 9 * 3 4 6 3
• *7 5 ' 3 P35 3 .4 4 x3
.•3 x0 ■ 9 0 6 0 £• 5 0 x6
345 3 0 6 5 3 ft 5 x3 8
3 8 0 3 0 7 0 3 . 3 2 6 0
• 4*5 3 ®75 ' 3ft 5 3 8 3
• 45® ' 3 0 6 5 3 * 5 x3 8
485 3 0 6 5 3 * 5 x3 8
' 5 2 0 3 053 3 ft 4 8 4 6
• 555 : 3 ®43 9 » 4 6 o 5
' 59® s 0 3 0 3 * 4 3 9 3
6 2 5 . 2 993 3*34*5
6 6 0 • 1 9 6 3 3 * 3 7 6 3
6 9 5 • 1 9 3 8 9 * 3 x 4 X
7 3 0 X 9 0 3  ■. 9 * 2 3 4 8
-;<5 5  ■ X 8 6 3 . 3  ft 0 4 6 0
8 0 0 X 0 5 3 3 «  034 2
8.3 5 • X 7 9 3 2 • 8 9 9 4
8 7 O . X 7 1 8 *•7399
Q'„ ^  It • 3 0 3 4 4
C A L C U L A T E D . . . . .  D ( C M a / S E C  X I 0 “ 6 ) “  « . / <
ACCURACY,. + / “  •• . 0  0 . 0 { 0
DELTA T  ( S E C S )  « 63
X RUN NO. TEA/ 3
F . P . 3
2 0 0 . 5 6  Q . / l i t r e  TEA WATER
T 2 X ( r i ) 2.X SQD
SECS (MN) (MM) 2
1 35 i * 8 55 2 . 0 2 8 5
. 170 1 . 9 3 0 2 . I 9 5 8
2 0 5 2 . 0 2 5 3 * 4 I 73
2 4 0 2 . I  0 5 2 . 6 l 2 I
2 7 5 2 • I  60 2 . 7 5 0 4
310 3 . 2 0  5 2 . 8 6 6 2
3 4 5 2 . 3 5 5 2 . 9 9 7 6
380 2 . 2 9 5 3 . I O4 9
4 £ 5 3 • 3 4 5 3 . 2 4 X 7
450 3 .  3C0 3 • 3 3 9  2
485 2 . 4 1 5 3 . 4 3 8 i
520 2 . 4 6 5 3 . 5 8 1 9
5 5 5 2 . 48. 5 3 * 6 4 ° 3
5 9 ° 2 . 5 1 5 3 . 7 2 8 7
6 3 5 2 . 5 4 0 3* 8 0 3 3
66 0 3 * 5 5 5 3 . 8 4 8 3
695 2 .  5 7 0 3 . 8 9 3 6
7 3 0 2 . 6 l  O 4 . 0 1 5 7
7 6 5 2 . 6 2 5 4 . 0 6 2 0
800 2 . 6 3 5 4 . 0 9 3 0
2 3 3 2 . 6 50 4 . I 3 9 8
8 70 2 • 6 60 4 . 1 7 1 1
9 °  5 2 • 6 60 4 .  1 7 11
940 2 . 6 6 5 4 . 1 8 6 8
9 7 5 2 . 6 7 5 4 . 3 1 8 3
1 0 1 0 3 . 6 7 0 4 . 2 0 3 5
1 1 1  5 2 . 6 7 5 4 . 2 1 8 2
11 50 2 . 6 7 5 4 . 3 1 8 2
—  /2-
T = 2 5 . 3  DEQ.C
T 3 X ( H ) 2X SQD
S E C S ) ( m m ) (MM) 2
1 1S5 2 . 6 7 0 4 2 0 2 5
I 2 2 C 2 . 6 6 0 4 1 7 11
1 2 55 2 . 6 5 0 4 1398
1 2 9 0 2 . 6 5 5 4 1 5 54
1 3 2 5 2 . 6 3 5 4 0 9 3 0
1 360 2 . 6 3 5 4 0 9 3 0
1 4 3 0 • 2 . 6 5 5 4 1 5 5 4  *
1 4 6 5 2 . 6 5 5 4 1 5 5 4 -
1 5 00 2 . 6 2 5 4 0 6 2 0
£ 5 3 5 2 . 6 2 5 4 0 6 2 0
1 5 7 0 2 . 6 1 0 4 0 1 5 7
1605 3 . 585 4%J 9 3 9 2
I 6 40 2 . 5 8 5 3 9 3 9 2
1 6 7 5 2 . 5 8 5 3 0 3 9 2
17 10 2 . 5 7 5 3 00 8 8
£ 7 4 5 2 .  530 3 77  33
1 7 80 2 . 5 0 S j 7 0 8 0
1 8 1 5 2 .  470 3 596 5
1 8 5 0 2 • 430 3 4809
1 8 8 5 2 .  405 3 4 0 9 7
1920 2 . 3 8 5 3 3 53  2
1 9 5 5 2 .  3 7 0 3 311 2
1990 2 . 3 3 5 3 2 1 4 1
2 0 3 5 2 .  330 'iw 2 0 0 3
2 0 6 0 2 .  3 1 5 J £ 5 9 3
2 0 9 5 2 . 2 9 5 3 1049
2 1 30 3 . 2 5 5 2 9 9 7 6
3 1 6 5 2 . 20 5 2 8662
Q = 1 . 3 0 2 4 4
C A L C U L A T E D . . . . .  D ( C I I 2 / S E C  X 10 — 6 ) =  4 . 4 5 2
ACC' j RACy,  + / - •  •• = o . o o g
DELTA T ( S = C S )  = 72
RUM MO. TEA/4
I 2. 5
0 0 . 5 6  Q . / l i t r e  TEA WATER
P . p . 4
T *
T 1J
( S E C S )
s x ( n )
( M M )
2 X SQD 
(MM) a
1 3 5 1 5 65 I 4 4 3 8
I 70 1 6 40 I 5 8 5 5
2 0 5 1 7 1 5 I 7 3 3 9
2 40 1 7 5 5 I 8 1 57
2 7 5 1 800 I 9 1 0 0
3 1 0 1 8 30 I 9 7 4 2
3 4  5 1 8 3 5 I 9 8 5 °
380 1 S 5 5 2 0 2 8 5
4 * 5 1 8 9 c to 1058
4 5 0 1 8 9 5 2 1169
4 8 5 1 900 2 1 2 81
5 2 0 1 9 1 5 2 16 18
5 5 5 1 915- • 2 161S
5 9 0 1 9 1 5 2 1618
6 2 5 1 910 2 1 5 0 6
660 1 9 1 5 2 1 6 i S
695 1 9 0 5 2 1 39  3
7 3 0 1 890 2 1058
7 6 5 1 8 3 5 2 0 9 4 6
800 1 850 ■oft# 0 1 7 6
8 3 5  
870
X 8 3 5 I 8 j o
1 8 0 5 I 920 6
9 0 5 1 780 I 8678
9 40 1 7 / r / j I 7 9 5 0
9 7 5 1 7 1 0 I 7 2 3 8
1 0 1 0 1 6 4 5 I 5 9 5 2
I 0 4  5 1 6 c* r J J I 6 1 4 7
1 0 8 c 1 6 0 5 I 5 186
i n  5 1 5 3 0 I 3 3 0 0
1 1 50 1 485 I jOOO
1 1 8 5 1 938 2 1 3 9
1 2 2 0 1 4 0 5 I 1 6 3 7
1 2 5 5 1 3 7 0 I I O6 4
CALCULATED  D ( C M a / S E C  X 1 0 - 6 ) =
ACCURACY,  + / -  "  =
DELTA T ( S E C S )
• 3  DEQ.C
1 . 3 0 2 4 4  
4.  5 6 4  
O • OO0
44
RUN N0 o TEA
I 2, *4
3 0 8 . 9 5  q „ / L I T R E  TEA' WATER
F.Pi 3
T  «  2 5 * 3  D E q . C
T 3 X ( m ) 2X SQ D
S E C S ( m m ) ( m m ) a
X70 a© X70 3 0 7 7 5 9  
2© 8 40 a5 0 5  • 2® X95
2 4 ° a© 3 4 ° 2 * 9 5 7 9
2 7 5 3 0 3 8 0 *■ 30 0 ^ 4 5
1 3 1 0 30 30 5 ‘ 30X 3 3 °
> 3 45  • 2* 33 5 > 30 X 8 5 5
♦ 3 8 ° 30 3*33 ■ ♦ 3® 2 08 5
4 * 5 2® 345 1 3 ° 2 4x7
4 5 0 a# 380 • 3* ' 3392
4 8 5 2© 385 V 3 * 3 '5 3 2
5 2 0 39 388 * 3 0 3 6 X 7
5 5 5 2 ^ 3 8 8 ■ 3® 36X7
■590 ■ 2® 4^ 3 • > 3 ° 4 3 2 4
625 3 © 4 2 3 >.3 e 4 3 2 4
69:5 3 © 4 X5 v 2© 4 3 8 1
7 3 ° . 2*4x5 ‘ 3 * 4 3 8 *
165 2 * 4 x 5 > 3* 4 3 8 *8 0 0 2* 4x5 ♦ 30 4 381
® 35 2 * 4 x 5 - 3* 438 x
9 °  5 2* 4 X0 * 3 * 4 2  39
. 9  4° 3 * 4X0 > 3 ^ 4 2 3 9
iX ( m )
( s e c s ) ■ ( m m )
x o x o a © 4 0  0
X0 4 5 2 0 3 9 °
x x x 3 2 0  3 8 0
2 x 5 0 2 *  3 8  3
2 2 8 5 2 ® 3 *5 °
X 2 3 0 s  '® 3  5 °
X 2 5 5 • 2 0 3 3 8
2 2 9 0 2 * 3 3 0
X 3 2 S • 2 ® 3 30
* 3 9 5 2 *  3 2 O
• x 4 3 0 2 b 3 I 5
2 4 6 5 2 ® 3 O 3
2 5 0 0 2 *  3 °  5
2 5 3 5 5 ® 2 9 °
x 5 7 ° ! 2 * 5 8 0
X6 0 5 2 ® 2 6 3
X 6 4 0 2 * 2  60
X 6 7  5 3® 5 5 0
X 7 X 0 2 ® 2 3 °
x 7 4 S 2 ® 2X'5
X7 8 0 • 3 *  2 8 0
sX SQD 
( M M )  s  
f 3 * 3 9 5 5
’ 3 * 3 6 7 3
“ 3 s 3 3 9 a  
' 3 ° 3 4 ? 6
’ 3°  a 5 5 5  
! 3* a 5 5 5
* 3 0  5 3 2 4  
<• 3® a 00 3
h 3 ^ 5 0 0 3
> 3 0 X 7 3 9  
v 3 0 x 5 9 3
* 3 o X 3 3 °  
" 3 a X 3 2 °
♦ 3 ^ 0 9 x 4
f 3 0  ° 6  4 5
♦ 3 * 0 x 8 9
► 3 © o  X0 9
3 <s> 984 3
a ® 9 ° 5 3
2© 8 9 2 3
2 ®8 0 X5
11
C A L C U L A T E D . . OOO
Q »  Xb3 0 2 4 4
D ( CM2 / SEC X xo»- 6) ® ‘ 3 * 3 8 5
ACCURACY* *•+/** »  o#o, ~
DELTA;? (SECS) • «  • 295
I-1.,
~ 1 2 ? ~
IV(d)o Comparison of Results Obtained Using, the Wavefront
Shearing Interferometer, and those Obtained by the
Gouy Method#
Thomas and Furzer ( 1 ) ( 2 ) investigated the 
diffusion coefficients for the same systems as in this study* 
However, their results provoked critical interest froim 
Ibrahim' and Kuloor ( 3 ) 5 who doubted the discrepancy 
between the experimental. Devalues and theoretically 
predicted values as being due to physico-chemical effects 
in the ethanol amine-water systems* There are two 
implications in Ibrahim and Kuloor's criticisms; ~
a) that Thomas and FurzerTs D-values are suspect, 
and b) that; the semi-empirical, equations applied do not 
adequately describe the ethanolamine-water diffusion process* 
The latter topic will be discussed in some detail 
further, on*
A comparison between Thomas and Furzerfs results 
and the results obtained in this study will serve as a 
check on the accuracy of the former*
Although most of the error in the work of Thomas 
and Furzer would appear to be due to the inherent
«*126«*
inaccur a.cies of' the Gouy interferometer itself? there 
are several criticisms that can be made#
As an example? calibration runs using suero seawater 
did not show a very great accuracy ( e,g, a figure of
/  ey
D ~ 5ol2 xl ICT cm /sec for one sucrose-water run is 
quoted without any indication of suspected, inaccuracy)©
On a more detailed examination of the results? no 
A  t correction has- been applied in any one case* Bince an 
estimate of the A t ? and the resulting corrected D-value? 
is of interest? Thomas and FurzerJs ethanolamine-water 
results were recalculated to include a. At* A summary of 
these calculations, is given? together with graphs 
comparing the corrected and uncorrected Devalues with 
those obtained in this study,
Zefo-Time' Correction Applied to the' Gouy Calculations,
In Thomas and Furzer* s calculations for the 
Diffusion coefficients of MEA ? DEA ? and TEA - water? 
the following approach was, taken;-
The- relationship, q   ^ ^  ^  ^2
^   ^ ttU>,WW WUMMWLWI WiTim
+ ]7 c2.t
is, used, where
ji ( « total, number of fringes in the pattern,
3131
X  =s wavelength of light used#
to path length thro-1 diffusion cell©
G, = %  , where 1 is the fringe displacement*
e
2  ^ 2  
is-* obtained from a table, of f'(&),©*"
£‘(z) being calculated from £(z)= j + %
%
Displacement measurements are taken for the fringes in the 
fringe-pattern ( with the Gouy interferometer, the fringe 
pattern consists of a number of horizontal fringes- 
moving. downwards*)«
t o o  , e ,and are then calculated for each of -• 
the fringes,, assuming. a value for When the- standard 
deviation of the values is a minimum, then the 
corresponding, value of i is used*
Naturally, j- should be constant throughout any one 
experiment/ fringe displacements, toeing measured at 
regular time intervals)#
—128^
D ia thus calculated, for several values of t*
However, as. with the wavefront shearing, interferometer, 
a zero-time correction, /\ t, must; be applied to the 
observed time , to ( This being due to initial mixing 
at the interface.)#
AThe relationship D l - D( 1 + ),
t
where. D is the corrected value of the diffusion coefficient, 
is used by Long.sworth ( *+& ) # Thus a plot of D* against 
V t  should yield a straight line of slope D„ /\ t«
Thomas and Furzer did not employ this, relationship, 
but. drew instead the best straight line through plots of
1) 5m vs* t
2 )  1 / q 2  v s *  1 ^ .
t
1the intercepts yielding, and /^2 respectively§ and from;.
t
these. Values. D was calculated#
For the: purpose of determining, the accuracy of the 
Gouy results, Longsworthls method for calculating. D and 
A  t was applied to Thomas- and Furzer ls results. These 
calculations are summarised in table *+•
Thomas and Furzer*s results, with a) no A t  applied, 
and b) /l\t considered, are: compared graphically with, the 
results obtained using the wavefront shearing interferometer 
in Figs, 18, 19, and 20 0
Calculation of A t  for Thomas, and Furzer8 s Results.,
Table
Run,No. Solufee Concn. D 5
iI
D t
ml/litece N cm2/sec 
XlO6
cin2/sec 
XlO
secs
MEA 1 7 0.12: 10.8.
1
10.08 9h
2 IfO 0.6? 10.2 10.0>f 9
3 100 1 .6? 8. $2 8.1? 8,9
If 200 3.3^ $.11 if. 6$ 738
DEA 1 4-0 0.1+2 $.6? $•$*+ 2!fl
2 100 1.0$ k-.7>+ 170
3 200 2.10 3.82 3.79 2^ +8
h IfOO *fol9 2.8 1 2.26 106?
5 $00 $0^ +2 2.28 2.22 *f9?
i TEA 1. If O .03 7.0? 8.38 —1+2
2. 20 0.1$ 6. $7 6.2*f 106
3 200 1. $2 If. 22 3.93 239
h 4-00 3.0»f 1.70 l.lf2 1339-
-r»-m ---
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Conclusions, from; a Comparison of Gouy and Wavefront
m >«|» f i imm »»iif»un in linn iinftim ■ 1^ 1,1 imnfiW'"ft<i —a>***»*«xmfrms * w« v*w«Ku^ #tvw *i»®«■ >#f t « a *■ Lna«' j#< i,* »
Shearing inter ferometer Result sc
When a fA t  is applied to the Thomas and Furzer’ 
results, a large variation is observed#
i*e, for TEA 1. , /\t « *=* h2 secs.
" TEA ^ , £\fe. = 1339 secs.
There are also three other results (MEA 4*, DEA h , & ? ) 
where the /\ t is inordinately large « The implication of 
this is that there is either quite a substantial, inherent 
inaccuracy in the Gouy interferometer, or that Thomas and 
Furzer did not obtain a sharp interface before diffusion 
started* There is also the possibility that too^many fringes 
were obtained ( the concentration difference between the 
solutions being too* great ), so. that, too much information 
is presented* As an example, in run TEA if (the total
number of fringes ) is of the order 75 •* 7 %  whereas the 
ideal, number of fringes should be less than 10#
The inaccuracy factor of the Gouy results is further 
highlighted by an examination of 3M values* Ideally, the 
value should be constant throughout each experiment, but 
this does not appear to have been so© As an example, for the 
n m  TEA If, the values calculated by Thomas and Furzer
are tabulated below;™
t(secs) 17^0 !____*___1 2$20 3060 3780
IlLlLlOT T  T V $0^0
1 79.0 j 77.9 77.3 76 * 9 76. 75.5
It is not proposed to discuss in detail how inaccuracy 
is- introduced into the results from the Gouy interferometer? 
suffice to say that, when compared with those; of the 
wavefront shearing interferometer? they appear to be 
considerably inferior0 It should thus be taken that the-1' 
results of this study are the more accurate©
From the graphs on which the comparisons are made? it 
would appear that although the Gouy results do differ? the 
shapes of the curves are approximately the: same. The Gouy 
results, for monoethanolamine have one point ( at 3,3** N ) 
which- is widely different? and this point effectively 
throws the whole curve out of any agreement with the 
wavefront shearing interferometer results.
One important obselevation to be made is that, the 
diffusivity values at. low concentrations are very similar.
It was these D-values on which Ibrahim and Kuloor were most 
critical, Since Thomas and Furzer *s, results are almost the 
same as those in this study? it would therefore appear that 
a radical reappraisal of the application of the semi- 
-empirical equations to ethanolamine diffusion is called for.
-135“
V* THE APPLICATION OF THE SEMI-EMPIRICAL 
EQUATIONS TO ETIIANOLAMBIB-WATER DIFFUSION *
The second critical implication of Ibrahim and Kuloor 
mentioned earlier, i©e. that, the semi-empirical equations 
applied do not adequately describe the ethanolamine-water 
diffusional. process , will now be examined in detail© As 
well as examining, the semi-empirical equations, the limit*© 
ations of the theories of diffusion will be assessed© Starting 
with the theories of diffusion, the following comments may 
be made;-
1) The Stokes-Einstein Equation (eqn©20 & 22 ) is only 
applicable for solutes with a. molecular weight of 300*
For the ethanolamines, M ^ ^  - 61.08 ; = 105ol^ ; ^ ea s
= lto©2 Thus, there can be no correlation between the 
experimental results for the ethanolamines and this theory.
2) Arnold *s Kinetic Theory is of little use for 
predicting diffusivity in any system, since three empirical 
constants are involved in Arnold1s equation (eqn©36)® Two of 
these constants are known for common solvents ( e.g. water 
at 25°C ) but the third constant, relating to the solute,
is somewhat arbitrary© The Arnold equation has been applied
to the diffusion of ethanolamines in this study, with the 
intention of relating this third constant to the apparent 
molecular volume of the Solute in solution.
3,) Eyring*s Theory is represented by equation 3 3, - 
this equation being a simplification of equation 37® There 
are two important drawbacks to the use of this theory;
a) the inclusion of an empirical parameter describing the 
geometrical configuration of the solute/solvent molecular 
structure, and b) the assumption that the activation energies 
for viscosity and diffusion are equal.# Reported results on 
the application of the Eyring theory to various systems 
showed wide deviations from the experimental results. In 
view of these considerations, no attempt has. been made to 
correlate the Eyring theory with the experimental results 
for the ethanolamines©
Gainer and Metzner !s improvement on the Eyring theory 
is of little use in this case. The parametric empirical 
Constants are still present, but the main difficulty with 
Gainer and Metzner1 s treatment is that the heat of evaporation 
of a hydrocarbon homologue must be calculated* With the 
ethanolamines this calculation is not possible.
*f) Nernst*s Law ( equation 51 ) is applicable to the 
diffusion of a strongly ionised electrolyte, where the ionic
mobilities of the cation and anion are known© Since this 
information is not available for the ethanolamines, the 
equation cannot be applied in this case*
5) The Nernst-Onsager-Fuoss theory is too complex 
for a study of the nature conducted in this laboratory9 The 
theory is only of use in a detailed, physico-chemical study*
Thus, for the systems ethanolamines-water the pred­
iction of diffusivity is limited to the semi-empirical 
equations© Bearing in mind the objections raised to these 
equations ( as discussed previously - one primary demerit 
being the failure to allow for molecular irregularities, it 
is not surprising that comparatively large deviations 
between prediction and observation will occur;
The- four semi-empirical equations that will be exam­
ined relative to the ethanolamine diffusivity measurements 
are; ~ a) Wilke-Chang*
b) Scheibel*
c) Othmer-Thakar*
d) Ibrahim^Kuloor*
The molecular volumes, calculated from the: atomic volumes 
due to Le Bas, are; -
\
*=X33~
i) MEA , VA = 73.^
ii) DEA , VA = 126.7
iii) TEA , VA = 180.0
and. these molecular volumes will be used in all calculations 
relating to the semi-empirical equations,
( Aa an example of the calculation of > consider 
diethanolamine ? - roCCH^CE^OH)^
T'aking the above values for V* ? and substituting into 
the semi-empirical equations? the predicted diffusivities 
are obtained; these diffusivities are given in Table 5,
would bring the predicted diffusivities into agreement with 
the observed values, On the assumption that the discrepancies 
between predicted and observed values are entirely due to
x C « k x Ik® 8 - 59o2
11 x H = 11 x 3.? = *K)o7
2 x 0  = 2 x 7«*+ - Ik* 8-
1 x N ■ = 1 x 12,0 - 12,0
126.7
<*>13 9^-
The hydration factor is also tabulated© The assumption of 
hydration of the solute will be explained in the following 
section#
A comparison has also been made between the solute 
empirical constant necessary to satisfy Avnol6?& equation 
if this, is to give the observed diffusivity, and this is
V 1
compared with the ratio A/,r .
VA
Sample calculations for monoethanolamine follow, and 
the complete calculations are summarised in table 5*
Specimen Calculation of tile Application of the 
Semi-Empirical Equations to Dilute MEA-water*
a) Wilke^Chang. Dq » 7**+ x 10*“®(xM)*^.!
w m n ii»' r ■pwp^paaa
/ ‘V -6
v ° - 6 = (73 .Lh) °"6 = 13.16  
A l=  0.8897 cp 
T  =  2 9 8 ° IC  
( x M ) ^  =  ( 2 . 6  x  1 8 . 0 1 6 ) ^  =  6 . 8 5
whence D ~ 12.89 x 10“6 cm2/sec.o ___ ___________________
b) Scheibel, DQ = 8.2 x IO"8. T 1  +  ( ;
/ ■
3V
V
B
A
3 V r  2 .
)  / 3
A
/ 3^JL2&u2  ^ /3 0,9131
v A
73
• ## D - 12,55 x 10“^ cm2/sec
Put ~ 100 ? Do = 9.972 X 10~6
IPut V
A
90 9 = 10.6k "
o
when V% =* 93*5 j 0Q =* 10,k x 10-6
. l e i  Tr O a  O
/' A
© n  X l f o O  X  10~^ rI I •'■ft' *b*|irr»\«wertMJWO xK* r^tt,-«3s«5»» « « r*V
* ° uo , n n r . -  12.10 x 10 °
(0.8895) (73.to *—  ----
For Dq = 10.it- x 10”6, (V^)°o6 _ i2ty (VA )0'6
10* If
y A ~ 9lh and V ji / V  ~  lo28A
e) Othmer and Thakar© %
1  1
d) Arnold*s Equation© _ +
v - -  n .0 | ^
V 1  2
A n . Art, / 1 0 ( v Y 3 + vi/3 ) 2
U "  2  ' /  2 V V1  
For solvent water at 25°C3-0© 0108
r?
©
© ft
*  1 .............
0  o 0 1 0 8  / —  R
A o  =5 v/ 1 8 , 0 1 6  6 1 ©  0 8
(10.lt- x 10"6) (to?)(0.8897)3 (18.91/3 +73»It-1/3)2
. Table 5
nm*, u»m i.
Summary of the Semi-Bmpirical Equations Calculations,
'...  1 MEA
-----  ..
DEA
L -___  .
TEA
Experimental DQ 
(cm£/sec x 10^)
lo«ko 6.621+ 6 ,h22
D~valu.es. calculated Dww 12,89 | 9.28$ 7.521
by the semi-empirical. Ds 12*55 I 8.668 7.11$
equations D0 12ol0 8.71^ 7.0$8
DI 9*865 8.5h9 8.1+68
Molecular Vol.(Le Has) ’ VA 73 .h 126.7 180.0
Molecular Vols* to W 10$ 224- 23$
correlate exptl,Do s 93.$ 206. $ 218i
to equations (V^) 0 9!+ 201 211
6
w 1.6? $.1$ 2.91
7 s I .06 *+.2 2.01
0 1,12 3.92 1.6»+
KA /
A
w
s
1.1+3
I .27
1.77
1.6^+
1.31
1.21
0 1.28 l.$9 1.17
ConstantA^ in 
Arnold1s eqn. 1.338 2.$l!+ 1.370
1 + 3
As may be seen from: the calculations, summarised in table 5, 
there, is a significant discrepancy between the diffusion 
coefficients predicted by the semi-empirical equations and 
the values obtained experimentally#In an attempt to correlate 
the agreement between the equations, and the experimental 
results, two viewpoints may be taken;-
i) The equations are not sufficient in themselves 
to predict diffusivity, •» assuming that. and are correct©
ii) The value of as calculated from. Le Bas is in 
error, due to molecular irregularities of the solute in 
solution.
The first viewpoint is substantiated by the section 
comments on the. ©«theories and correlations", Ch. 1(f), 
in which it was pointed out that; none of the semi-empirical 
equations could be relied upon to predict a. D-value to much 
better than 10$ © Some substantial deviations were 
illustrated.
However, one system serves to illustrate the generally 
poor level of prediction of these equations, - the system 
being, suerose-water. Sucrose-water is a standard system 
for diffusion measurement calibrations, the value of D being, 
confirmed as Dq = 5©22 x. XCT^ cm^/sec at 25°C„ In solution, 
though, sucrose forms a hydrate*
- X k k -
Scatchard ( 62 ) reviews previous determinations, of 
the hydration of sucrose.? and supplements them with his 
own accurate measurements* from the vapour pressure of 
sucrose solutions0 From these? the average degree of 
hydration of sucrose in very dilute solutions wa.s found to 
be 6 ( ifteo Sucrose = %2^22°11° ^ 2 °  ^  Taking, the molecular 
volume of anhydrous sucrose as ~ 3k00k? and the molecular 
volume of the hexahydrate. as ~ k53o8 ? the following 
diffusion coefficients in dilute solutions were predicted 
by the semi-empirical equations
I C 1 2 H 2 2 ° l l  | C 1 2 H 2 2 ° 1 1 o 6 H2 °
Wilke-Chang
Scheibel
Othmer-Thakar
$ . 1 3 1  | l b > 3 1 9
5 .1 2 1 +  { 1+ . 1+6 ?
* + . 8 1 6  !
2  6(all the: above D-values in cm~/sec x 10 )
If Arnold1s equation is applied( using V A = 3k0ok)? and 
putting - 5c22 x 10 so
A1 ~ lo29
It is. interesting to note that if the anhydrous molecular
volume of 3k0,k is. multiplied by a. factor of 1*29
=  k k O
This is not very different from the calculated molecular 
volume for the hexahydrate©
The errors of prediction of the equations for the 
sucrose-water system are,
a) \rA = 3+0. + 1.5$ 5 1.75$ 5 7.5$
b) vA = +53.8 1 7.$ 5 15$ } 22$
It is thus seen that, the semi-empirical equations 
are not really sufficient in themselves in the prediction 
of diffusivity© The first viewpoint taken above, therefore, 
is justified to a large extent© With the ethanolamines, 
however, the assumption that the inaccuracy of prediction 
is increased ( over the inaccuracy due to the insufficiency 
of the equations) by the wrong determination of is also 
valid.
In the following section it will be shown that the 
ethanolamines are irregular in solution© This irregularity 
is clearly evident from several considerations, but attempts 
at calculating the degree of irregularity were not wholly 
successfulo The simplest explanation is to assume the 
ethanolamines to. be hydrated in solution, and to calculate 
an approximate hydration number in an attempt to correlate 
the experimental results with the predictions a little more 
successfully.
VI* THE PHYSICAL CHEMISTRY OF THE ETHANOLAMINES
IN SOLUTION.
Ibrahim and Kuloor ( 3 ) made the doubtful and 
unsupported statement that 11 all the physical properties 
of the ethanolamine s, except freezing point and specific 
heat, show a simple gradation from mono- to tri~#u0This 
statement was made in an attempt to say that diethanolamine 
should not be much more irregular in solution than either 
mono- or triethanolamine 5 even though Thomas and Furzer *s> 
results ( 1 )( 2 ) had first, indicated this to be so#
Ffom table 6, an examination of the tabulated physical, 
properties of the pure amines (. i*e# not in solution )
Shows that there is an apparent sirriple gradation in all 
properties apart from the freezing point* (note that, 
contrary to Ibrahim and Kuloor , the specific heat DOES 
show a simple gradation )* The first indication of 
irregularity is apparent,however, when curves of bhe 
vapour pressures of pure amines against temperature are 
compared* These curves are shown in Fig*21* Below a 
temperature of 130°C, DEA has a lower total vapour pressure 
than TEA, whereas, above this point the reverse is so*
T a b l e  6
Properties of Pure Ethanolamines( 99©9$ + )* (  63 )
MEA DEA TEA
MoloWt. 61.08 lo5.lL 1L9.2
Boiling pt., °C 170.3 268 .L 338.8
Freezing: pt., °C ^ 10 .31 27.95 21.5?
Density,®m/ml at LO°C 0.9989 1.0828 1.113.6
Viscosity, cps,at L0°C 10.06 196.L 208.1
Lo
Refractive index, n^ 1.LL7L I.L720 1.L79&
Specific heat,30°C,ca]'gm; 0.561 0.531 0.L97
Flash point,°F 200 295 380
Heat of fusion, caV m o l 2 L900 6000 6500
Beat* of vap. ,cad/mol2 12,150 15,590 16,127
^  triethanolamine tends to supercool
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In solution,however,there is abundant evidence of 
irregularity in physical properties© Thus Ibrahim and 
Kuloor should have considered the properties in solution 
rather than the properties of pure amines© The simplest 
demonstration of this irregularity is shown by viscosity 
measurements of the amines in solution, where DEA shows a 
markedly anomalous behaviour# Viscosity measurements were 
made in this laboratory of MEA,DEA, anf TEA solutions at 
25°C* These.- measurements have been amalgamated with the 
data of Letbush and Shneerson ( 65 )? the Shell Chemical 
Ca<o( 6b ) and Dow ( 63 )* The viscosities of amine solutions 
at 25°C are tabulated, in table 7? and the curves are shown 
in Fig* 22*
A farther indication of the anomalous behaviour of 
DEA, is the variation of the. product against
concentration* Values for D© JIM for MEA,DEA, and TEA are 
tabulated in table 8, and the curves of Iyx against 
concentration are shown in Fig©23*
—  I S o

TabO ie 7
Viscosities of Ethanolamine Solutions at 25 C (cps).
Concn<
w t * $
0  
1 0  
2 0  
30 
I fO  
5 o  
6o 
70
75 
8 o
90 
1 0 0

c o n c e n t r a t i o n  , W T «
V
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Table 8„
The Product) D* for the Ethanolamines at 25°Co
r* ____i~i~*i-nTi>*i» Min-Twiipiin mi ini ■ iirr ~ r • ~i  m ------  *----1—     ■ t—•— *   tmrvx* mutt
f i
\\
. _ j
Concrio
Wfeo$
Do £
cm /sec x 10
JX ,
cps xlO
- ---- - ---.— j
0 10.1+0 0,8897 9.26 f1i 8o 6 9.116 1.110 10.12 !
12*22 8.575 1.252 10.72 j
MEA 15.19 8.101 1.388 11.23 ;
2k. k? 6.729 1.960 13.18
30.56 5.770 2.1+70 15.21+ j
0 6.625 0.8897 5.89 j
5.55 5.377 1.073 5.7? 1 *
10.90 5,877 1.323 6.1+5 |
DEA 15X5 5.635 1.591
i
7.37
25.6 5.181 2,59 10.5 1
35.72 3.733 5.02 15.98 j
1+6.25 3.185 8.00 25.5 (
1+8.09 3.089 8.95 2 7*7
0 5.522 0.8897 5*71
0 6.1+56 0.889? 5.75
TEA 20.06 5.552 1.7 5 7.8o
20.06 5.565 1.75 7.98
30.91-- - ---------
3.385 2.715 9.19I |
From the viscosity data for ethanolamine solutions 
at 2?°C, it can be seen that in aqueous solutions below 
about 90$ (by weight) DEA has a higher viscosity than TEA# 
From the curves of the product PQJU against concen­
tration, the DEA curve is very steep compared to the MEA and 
TEA curves,-which are approximately parallel#
The above considerations indicate that aqueous 
diethanolamine solutions are anomalous in behaviour, and 
that therefore there is some form, of association of 
diethanolamine in solution© Thus, if there is a hydration 
effect with all three amines, DEA will tend to exhibit 
greater irregularities in other physico-chemical measure­
ments than will MEA and TEA©
1rotman-Dickenson ( 66 ) made a qualitative study 
of the importance of hydration effects on the basic strength 
of amines* Condon ( 67 ) presented a general theory for the 
influence of hydration on the base strength of amines*Both 
these workers,however, limited their remarks to mainly 
qualitative assessments of the structure of the amines in 
solution* Furthermore, the ethanolamines have not been 
included in their work, due to the presence of additional 
hydrophilic groups* It is clearly evident, however, from-, the 
work of Trotman-Dickenson and Condon that the ethanolamines
w i l l  be h y d r a te d  i n  s o l u t i o n ,  and  t o  q u i t e  a  s i g n i f i c a n t  
e f f e c t #
F o r  " r e g u l a r "  a m in e s  th e  h y d r a t io n  by  h y d ro g e n  
b o n d in g  i s  s c h e m a t i c a l l y  show n b e lo w , i . e #
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H ow ever, a s  m e n t io n e d  a b o v e , th e  e t h a n o la m in e s  
c o n t a in  h y d r o p h i l i c  g r o u p s  ( t h e  C^H^OH g r o u p s ) .  T h u s  a s  
w e l l  a s  th e  h y d r a t i o n  i l l u s t r a t e d  a b o v e ,  th e  h y d r a t io n  d u e  
t o  t h e  p r e s e n c e  o f  t h e  a l k a n c l  g r o u p s  m u st a l s o  be  
c o n s id e r e d .
A l t h o u g h  i t  i s  q u a l i t a t i v e l y  c e r t a i n  t h a t  th e
e t h a n o la m in e s  a r e  h y d r a t e d  i n  s o l u t i o n ,  t h e  e x t e n t  o f  
h y d r a t i o n  i s  b y  no m eans c l e a r .  C o r re sp o n d e n c e  w i t h
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Professor Condon in fact established that the present state 
of knowledge on the hydration of amines is wholly inferen­
tial, - that is, based on the effect it produces*
On considering Trotman-Dickenson and Condon1 s woidc, 
therefore, the only conclusion to be drawn is that the 
ethanolamines are hydrated ?xi solution, and with appreciable 
effect#The deviation of the experimental, diffusivities of 
the ethanolamines from predicted values is: explainable on 
a basis that the molecular volumes concerned are effectively 
increased by the hydration effect. The greatest difference 
in values, shown by diethanolamine, is understandable on 
consideration of the irregularities shown b^ DEA in 
solution (e.g. viscosity ). All this: is in addition to 
the conclusion that the semi-empirical equations are 
unsatisfactory in any case.
An attempt was. made, through calculations based on 
hygroscopicity,refractive index measurements,and vapour 
pressure data, to estimate the hydration effect quantit­
atively. The calculations were made on the basis of a
/
hydration number,fp , as defined previously, to estimate 
the increase in , These calculations are summarised in 
the next, section*
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1(a). Estimation of Hydrate Formation in Ethanolamines
All three ethanolamines are markedly hygroscopic*
If, then, the asymptotic values of maximum hygroscopieity 
are taken fromi the curves cf increase in weight( due. to 
water pick-up) against time, a pointer will be given as 
to of what order the maximum possible hydration will be.
The data used is taken from Shell. C 6b )• It should 
be noted that Shell recommend that the curves be only used 
as approximate guides,since the results were affected by 
the greater volatility of mono ethanol amine ? and by the 
absorption of the ethanolamines by other specimens being 
tested at: the same time*
Monoethanolamine* Weight gain » 95$ CltoO hr s.)
***L00g MEA >  lOOg MEA + 95g water
from Ilygrascop icity Measurements*
(1.6*+ mols MEA + 5® 25 mols wauer)
.*• 3*2
Diethanolamine. Weight gain « 68$ * *
Triethanolamine. Weight gain= 50$ *• *
VI(b) Estimation of Hydration of Diethanolamine
from* Refractive Index Measurements*
Refractivities of Solutions*
of diethanolamine solutions- to test the variation of the 
experimental values from refractive indices predicted 
from theoretical considerations*
Partington ( 69 ) reviews the equations applicable
to refractive indices in solution*
A simple formula, was proposed by Beer, Gladstone,
and Dale ( Phil * Trans • ,lJ+8,. 88,1858) in which the refractivity
of a gas or liquid over a temperature range is connected by 
the formula
A little later, Lofenz(Ann.Phys*,11,70,l880)and Lorehtz 
(Ann*Phys* ,£,61+1,1880) proposed the most commonly used 
refractivity formula;-
Use has been made of refractive index measurements
n - 1
- constant ~ r (95)
~ const- = r
L
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n « refractive index 
density
For liquid mixtures and solutions the refractivity is 
considered to be additively composed of proportions by 
weight* It has also been found by numerous workers that 
the Lorenz-Lorentz equation is more suitable for many 
systems. Thus?in molar terms? the following relationship 
between the refraetivity of the solution and the refractiv- 
ity of the components ( 1 and 2 ) is derived;-
where r^ and r^ = molar refractivities
m \
—  I
n i l "
If) n2+2 J
where M = mol.
1 M
2 n 
n  ~ 1
+
1
m \ 2 nn  - 1
\ h 1
2
n  + 2
2 
n  + 2 2  - 
...(9 7 )
The above equation is sometimes written?
[k "j i. =* x . w X , M (98)
The above equation has been employed to determine whether 
refractive index measurements can give any indication as 
to the molecular abnormality of diethanolamine solutions. 
Consider a solution made up of an ethanolamine? 
subscript E? and water? subscript W. Assuming no hydration?
then if wt, of ethanolamine - wE
and wt.* of water Wi
W
—1 6 0 °“
then, mols ethanolamine -  -  xE
Wr.
mols water = ^/1&*01& =  X
■w
However, If Z mols water combine with Xg mols ethanolamine, 
the following equation is obtained by substituting into the 
Lorenz-Lorentz equation;
M 1 * 2 X p  +  Z  J E _______*v* 4* *y*
a  HaT P  E
r
"i
—  1
1 8 . 0 1 6
+  * w j ¥  _
E
r^ . *#*<,#( 99)
The main assumption that has. been taken above is that the 
density of hydrated amine solution is the same as that for 
pure amine#
Solving for Z in the above a quadratic is obtained:
1 8 * 0 1 6 * r E
x ™ * p
z2 + \T + ^B#18.016 _ 016
E* / E J
j*
I o  
\
u. Pi I E p
w-
E
Z
e
^  R  1 ,2  (:XE  *  V
E
me.
=  0  
* . . ( 1 0 0 )
and from Z, (P ay be found#
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The R e f r a c t iv e  In d e x  o f  DEA S o lu tio n s *
The r e f r a c t i v e  in d e x  o f  12 d ie t h a n o la m in e  s o l u t i o n s  
w a s  m e a su re d  a t  25°C  , u s i n g  a  P u l f r i c h  r e f r a c t o m e t e r .  A 
b r i e f  d e s c r i p t i o n  and  e x p la n a t io n  o f  th e  m ethod i s  g i v e n .
I n  t h e  P u l f r i c h  r e f r a c t o m e t e r ,  t h e  l i q u i d  u n d e r  
t e s t  i s  p u t  i n  a  s m a l l  q u a r t z  c e l l  i n  c o n t a c t  w i t h  a  p r is m .  
M o n o c h ro m a t ic  l i g h t  fro m  a  lo w  p r e s s u r e  so d iu m  lam p  i s  
f o c u s s e d  t h r o u g h  th e  c e l l  and  th e  a n g le  o f  r e f r a c t i o n  i s  
m e a su re d  by r o t a t i n g  t h e  r e f r a c t o m e t e r  t e le s c o p e  an d  
c e n t e r r in g  th e  c r o s s - w i r e s  on  th e  em e rge n t so d iu m  D - l i n e .  
i .  e .
n ~ sin 60° J  N2 - sin2B - cos 6o°sin B • *. (101)
where n = refractive index of the sample
N = refractive index of the prism
- angle of emergenceCwith respect to the normal)
N is. determined by measuring B with the coll empty. 
Substituting n =* 1 ( refractive index 0f air ) in *khe 
general equation, and putting ^  (j) - B ,
For a 60° prism the general equation applicable
N2 - X ~
sin (!) + cos 60°
t sin 60<
( 1 0 2 )
Using the Pulfrich, the refractive index of a sample may 
be measured to an accuracy of -0.00002.
All measurements were made at a constant temperature 
of 25°0, the cell and prism being jacketed by a water bath.
Of the 12 solutions tested, two are in obvious 
error when the refractivities are plotted against concen­
tration. These are 9.5% and k-7% DEA. All the other points 
are accurate# The refractivity measurements are given in 
table 9#
Using the experimental results and also refractiv­
ity values published by Shell( 6*+ ), the possible degree

~ l 6 k ~
of hydration was calculated as above. The theoretical 
refractive index of the solutions ( assuming no hydration) 
was also calculated. The results are shown in table 10©
Table 10
Calculation of DEA Hydration from refraetivity Data*
DEA Concn. 
■wt.%
n _  exp
—  .
1
ntheor. j
_j
nexpTnth. | j
D]
5.58
18.69
29.03
39.73
58.79
75.68
83.90
91.51
.— 1
SA Solutions
1.33851
1.35811
1.37300
1.38929
1.1+1878
I .55365
1.55520
1.56502
at 25°C (exj 
1.33827
1.35675 
1.37020  
1.38555 
1A 1267 
1.53781 
1.55055 
1.56233
Derimental)
0.00015
0.00136 
0.00280 
0.00385 
0*00611 
0.00583
0.00576
0*00269
i ; 
; '
S
0.05 1 
0.02  
0.02 | 
0.02
0.02 !
0.01
0.01
0.01 i
____ ■ 1
DE
25
50
7 5
90
95
A Solutions
1.36380
1.39850
1.1+3 5 0 0.
1.55570
1.56050
at 60°C ( SI
1.35958
1.39315
1.52865
1.55092
1.55851
aell )
0.00522 
0.00535 
O.OO636 
0.00378 
0.00199
i
11
0.07  
0.03 
0.02  
0.01 j 
0.00
!
—165**
In both the Shell data and the experimental 
results the difference’ between the experimental and the 
calculated refractive indices is appreciable ( maximum of 
0.006*+ in i.V-35 )• However, calculations to determine the 
possible hydration using the Lorenz-Lorentz equation 
showed insignificant changes in the constitution of the 
ethanolamine ( maximum possible hydration of 0.0? mols 
water to 1. mol DEA )♦
Further calculations were made to see what effect 
an appreciable degree of hydration should have on the 
experimental refractive index if the Lorenz-Lorentz 
equation was strictly true. ( i.e. the molecularity of the 
solution components being of relevance).
Using the figures for 25$ DEA at 60°C ( these 
indicating the greatest molecular deviation) the refractive 
index that would be observed if the equation were true was 
calculated for two cases;
Assuming 1) 0.2? mols water to 0.23777&2 mols DEA ( 1.05)
2 )  0 . 5  ’ • "  "  "  "  «  (  (j) = 2 . 1 )
(since 25% DEA ~ 0.237782 mols DBA,V.1629662 mols H20 )
The refractive indices that would satisfy the equation were
Comments on the Refractive Indices of DEA.
**
calculated to be 1) 1*51858 . *dn ~n,H ~ 0d5900
OXs u ll#
2) lo?58l*+ •••n0X.-nth<> * 0.39856
nex ~ nth being *+0 and 90 times greater respectively than 
the observed values©
Calculations were then made to see whether an 
associated molecule would be indicated by the experimental 
refractive index. Again, for the 25$ solution, the increased 
molecular weight that would account for the deviation was 
insignificant, - being 108.9 ( ~ 105*1*+ ).
Xt is apparent,then, that the measurement of the 
refractive indices of a range of solutions is not a valid 
method of determining molecular irregularity in solution#
This could be due to several reasons, such as the 
inaccuracy of the Lorenz-Lorentz equation. One factor that 
seems very probable is that the refractive index is an 
additive function of the pure components only.Thus,hydration 
and association, which are physical and not chemical changes, 
would not influence the refractive index to any great extent.
i*e* if we have X mols DEA, Y mols an(^  bhe DEA hydrates
with Z mols of this water, then the refractive index is not 
influenced by this movement of Z to X at. all,toeing a 
function only of X and Y.
V I ( e )  E s t i m a t i o n  o f  t h e  p o s s i b l e  H y d r a t i o n  o f  t h e
Ethanolamines from Vapour Pressure Data,
The total vapour pressure of a binary solution is 
related to the mol,fraction of its components by the 
expression?
where is- the partial pressure of component 1? of 
concentration x mol fraction; P^ is the partial pressure 
of component 2?of concentration ( 1 - x) mol fraction; 
and is the total pressure.
20$ DEA solutions are taken from the data of the Shell
Chemical Co# ( 70 )• The total vapour pressures ( J [ ) are
tabulated in table 11 ? together with the vapour pressures
of water ( P^) and ethanolamine C P-g )• The vapour pressure
of water is taken from Perry ( 71 ) and the vapour pressures
of the ethanolamines are calculated from the data of
McDonald et al ( 72 )®The Antoine coefficients to satisfy
nthe relationship p ~ A „
1 0  E  4- a. n
x Px + ( 1 -  x) P2 =  7 1 (103)
The total vapour pressures of 10$ MEA? 10$ DEA? and
E $
X *=* — — + Z
, , , t ^XU t /
W/o 1 0 0  -  E %
\  +  ” V ~
f  z
a n d  11-1- -Ti- « o » o o . o « o o o * o o o  ( 1 0 ? )
5  ^ / m b
U s i n g  t h e  r e l a t i o n s h i p
where- E$ ~ $ ethanolamine by weight ; Mg - molecular wt* 
of ethanolamine ; M^ - = mol.wt* of water •
determining x from
XP +• ( 1 - X )PW » jf
the hydration number was calculated . The results are 
tabulated in table 11.
iI
2 0
TEMPERATURE, °C .
T a b l e  1 1 .
W»h— — ■<**=»
P o s s i b l e  H y d r a t i o n  o f  E b h a n o l a m i n e s  f r o m  V a p * P r e s s * D a t a .
T°G K pw PE Z
t
k 25 21.793 231756 0.3++5 0.2+89 i;520
i1 * I j 2 ? 2L.L9L 26.739 0.+113 0.2762 1 *68?
| Ll 53.025 58.3+0 1.303 0.3171 1.9371I \ +9.5 81.779 90.2+ 2.+53 0.3335 2.037
51.6 90,672 100.6 2.8+8 0.3603 2.201
6 9.7 208.5+ 230.7 9.3L6 0.3529 2.155
10% | 69.8 209.LL 231.7 9.38O 0.3526 2 .15+
MEA ; 88.1 LL3.36 +88.0 26.53 0.335+ 2.0L8
j 90.5 L86.23 535*82 30.09 0.3+21 2.090
i1i 98.8 662.50 727.98 +5.78 0*3315 2.0251
I 99.8 686.97 75+.58 +8. 08 0.3300:
—rr-r-f-- -'
2. 016
i
*i (xlO2 )i
2L.3 20.202 22.785 0.0263 0.L809 5.056
25 21.0L7 23.756 0.0290 0.+8+2 5.091
30.9 29.503 33.503 0.0627 0.5H5 5.377
10$
L5.6 6L.726 . ?+*12 0.359 0* 5+89 5.771
+8.6 75.298 86.28 0.+99 0.5522 5.806
DEA 6L*9 163*27 186.72 2.56+ 0.5+31 5.711
8L+2 371.81 +20.16 13.66 O.L898 5.150
25 20.969 23.756 0.029 0.353+ 1.858
30.8 29.2+5 33.312 0.0619 0.3751 1.972
+3.6 58.196 66.86 0.287 0.3999 2.102
10$ 66.6 17L.L8 201.+1 3.003 0.+291 2.256
TEA 85.L 383.15 ++0.61 15.03 0.+139 2.176
99.0 6L2.33 733*2+ +1.9+ 0.38+2 
■.. ..J
2.020
— .....
The calculations to estimate a degree of hydration 
from hygroseopicity? refractive index measurements? and
vapour pressure data were not entirely successful®However?
using the hydration numbers calculated from., hygroscopicity
and the vapour pressure data? it will be of interest to
compare the diffusion coefficients predicted ( from the
semi-empirical equations) using a V% which includes a
hydration number with those coefficients previously
predicted® The -values from vapour pressure data for
MEA and DEA will be taken as 2 and 5 respectively* Thus
the recalculated molecular volumes ?V^ 9 will be as. in
table 12.
Table 120
Estimated Hydration Numbers and Related Molecular Volumes**
From Byg.data From v. p.data i
<P |
t
VA 4> 1
7 ‘
,!a. ....
MEA 7 3 .5 3.2 133 2 i n
DEA 126.7 5 202 5
t
221 |
TEA 180.0 5.2 260 1r- . .. . —.
t
Rising these V%. values^ the. diffusion coefficients predicted 
by the Wilke-Chang,? Seheibel? and Othmer-Thakar equations 
will be as in table 13*
Table 13 o
P r e d i c t e d  D i f f u s i v i t i e s  U s in g  E s t i m a t e d  H y d r a t i o n  N u m b e rs .
: N o© B ydr. f ro m  h y g r . f r o m  V® p *
D x lO 6 t e r r o r
6
D x lO $ e r r o r D x l 0 6 is$ e r r o r
MEA
r -  - —  g 
Wi l k e
S c h .
O th .
12.89
12.55
12.10
+28
+21
+16
9.13
‘8.1+1
8.55
-12
-19
-18
1
10.0 I 
9.35
9.5-2 '
—1 0
—10 1
W ilk e 9.285 +1+0 7.01 +6 6.65- +0.25
DEA Sch« 8.668 +31 6.6? +0.7 6.36 •«»V
O th . 8.715- +32 6.60 0 6.2V -5.5
W ilk e 7.521 +17 6.13 -V. 5
TEA S c h . 7.115 +11 5.85- - 9 1
O th . 7.058 +9.9 5.75-1
—io *  5 i
2( a l l  D e v a l u e s  a b o v e  i n  cm / s e c )
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From- table 13, it can be seen that the inclusion 
of a hydration number in the calculation of the ethanolamine 
molecular volume brings the diffusivities predicted by the 
semi-empirical equations into much better agreement with 
the experimental, diffusivities* In view of this improved 
correlation, it would appear that where abnormalities are 
known to occur in solution, an allowance should be made 
for this when calculating the molecular volumes for use in 
the .semi-empirical equations© This is somewhat of a 
stop-gap measure, for the semi-empirical equations would 
appear to be unreliable in any case*
It is hoped that in the future, with an increasing 
volume of accurate diffusion measurements to hand, an 
accurate semi-empirical equation can be formulated which 
allows, for molecular irregularities in solution,, In the 
meantime, it is suggested that for any known molecular 
irregularity, allowance for this should be made in 
calculating the molecular volumes for use in the semi- 
-empirical equations.
«>X7k**
V I I .  S U M M A R Y
The wavefront- shearing optical interferometer?as 
constructed in this laboratory? has proved to be a highly 
accurate and sensitive instrument. A new method of 
computation has been devised? based on the method of least 
squares? and necessitating the use of a computer? which has 
facilitated the calculation of diffusivity ( with increased 
accuracy )®
The programme of investigation of diffusivity in 
liquid-liquid systems? using the wavefront shearing 
interferometer? involved the systems ethanolamines-water 
(MEA?DEA?and TEA - water )® The accuracy of the interferom­
eter was- established by determining the diffusion coefficient 
for dilute suerose-water solutions? this giving a satisfac­
tory comparison with established results.. Diffusion 
coefficients for the ethanolamine-water systems were 
measured over a range of concentrations,
The diffusivities of the ethanolamines? as measured 
in this work? were then compared with the values obtained 
by Thomas and Furzer (1) ( 2 ) using a Gouy interferometer. 
Their calculations were chocked? and it was established 
that their results were only of limited accuracy.
~ 1 7 ? ~
However, the diffusivity values for dilute ethanolamine 
solutions as measured by the above workers w e r e  almost-i 
identical with those obtained in this study* Also, the 
diffusivity-concentration curves for DEA and TEA are 
similar in the two cases#
It is important to note that the diffusivities of 
the dilute ethanolamine solutions are in agreement, for 
it was these values that excited critical comment from 
Ibrahim and Kuloor ( 3  )* Da view of this criticism, the 
application of diffusional theory (especially the existing 
semi-empirical equations ) to the ethanolamine-water systems 
was; thoroughly examined* From this appraisal, two definite, 
conclusions may be drawn;-
a) the semi-empirical equations are in themselves 
highly unsatisfactory* The average accuracy of the equations 
is in no case better than 10$ , and reported deviations are 
as high as 30$ in error in predicting diffusivity*The 
failings of these equations were pointed out, - one of the 
chief weaknesses- being the inclusion of many electrolytic 
and non-ideal systems for formulating the equations, yet 
without making, allowances for molecular irregularities in 
solution.
b) the ethanolamines are hydrated in solution to
~176~*
a n  a p p r e c i a b l e  e x te n t©  D i e t h a n o l a m i n e ,  i n  p a r t i c u a l r ,  
e x h i b i t s  a n o m a lo u s  b e h a v i o u r  ( a s  show n  b y  v i s c o s i t y  
m e a s u r e m e n ts ) *  I n  a n  a t t e m p t  t o  a s c e r t a i n  t h e  d e g r e e  o f  
h y d r a t i o n ,  c a l c u l a t i o n s  w e r e  m ade u s i n g  h y g r o s c o p i c i t y ,  
r e f r a c t i v e  i n d e x ,  a n d  v a p o u r  p r e s s u r e  d a t a  f o r  t h e  e t h a n o l ­
a m in e s  i n  s o lu t io n ©  No d e f i n i t e  h y d r a t i o n  n u m b e r  w as 
d e t e r m i n e d ,  b u t  t h e  h y d r a t i o n  n u m b e rs  c a l c u l a t e d  w e re  u s e d  
i n  r e c a l c u l a t i n g ,  t h e  m o l e c u l a r  v o lu m e s  f o r  u s e  i n  t h e  
s e m i - e m p i r i c a l  e q u a t io n s ©
I t  w as  show n  t h a t  b y  a c c o u n t i n g  f o r  m o l e c u l a r  
i r r e g u l a r i t i e s :  (  b y  i n c r e a s i n g  t h e  m o l e c u l a r  v o lu m e )  w hen  
a p p ly in g ,  t h e  s e m i - e m p i r i c a l  e q u a t i o n s ,  a  m uch  m o re  s a t i s ­
f a c t o r y  a g r e e m e n t  i s  o b t a i n e d  b e tw e e n  p r e d i c t e d  a n d  o b s e r v e d  
d i f f u s i v i t y  v a l u e s *
A p o s s i b l e  i n d i c a t i o n  o f  t h e  n e c e s s a r y  i n c r e a s e  i n
t h e  m o l e c u l a r  v o lu m e  i s  show n  b y  t h e  c o n s t a n t  A i n
1
A r n o l d 's  e q u a t io n ©  T h i s  f a c t  m ay b e  c o i n c i d e n t a l ,  b u t  
d e s e r v e s  a  s l i g h t l y  l e s s  c u r s o r y  i n v e s t i g a t i o n ©
I t  i s  s u g g e s t e d  t h a t ,  i n  f u t u r e , w h e n  t h e  s e m i -  
- e m p i r i c a l  e q u a t i o n s  a r e  x ise d  t o  p r e d i c t  d i f f u s i v i t y ,  t h a t  
som e c o n s i d e r a t i o n  b e  m ade a s  t o  a n y  m o l e c u l a r  i r r e g u l a r ­
i t i e s  i n  s o l u t i o n .  A f a r  m o re  s a t i s f a c t o r y  o u tc o m e  w o u ld  b e  
a  c o m p le te  r e - e x a m i n a t i o n  o f  t h e  t h e o r i e s  o f  d i f f u s i o n  
i n  l i q u i d s ,  w i t h  t h e  s u p p l e m e n t i n g  o f  t h e s e  s e m i -
- 1 7 7 -
^empirical equations by equations based on ideal systems 
which take into account any molecular irregularities.
YII(a) Suggestions for Further Work.
The optical arrangement of the wavefront shearing 
interferometer is perfectly satisfactory? and needs no 
alteration* Likewise? the recording and measurement of the 
fringe pairs ? and the calculation of the diffusivity need 
rxo improvement©
The only experimental improvement that could be 
made? though it is. not essential? is the redesign of the 
flowing-junction cell. The following improvements could be 
made with the cell;-
i) Inclusion of a baffle chamber between the 
mercury reservoir and the liquid reservoirs* This would 
eliminate any vibration transmitted by the mercury when 
turning off the mercury tap at the start of diffusion*
ii) Retention of the present, double chamber 
arrangement? but. the inclusion of two adjustable exit 
slits in each chamber • The adjustable slits would be 
engineered from knife-edges vertically movable by micrometer
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screwtohreads© This arrangement would enable an extremely 
sharp interface to be obtained,
iii) Fabrication of all the glasswork in a pressure 
tight "Quick-fit" type arrangement© At the moment, cleaning, 
the glasswork is laborious and not very efficient since 
all the glasswork is. in one unit© However, if the. reservoirs 
and taps could individually be quickly removed, the setting 
up of the cell for experimentation would be greatly 
facilitated©
The possibilities of the application of the 
wavefront shearing interferometer to liquid-liquid systems 
is endless* Even today, diffusional investigations are being 
made ( 73 ) using; diaphragm cells, which are considerably 
less convenient and accurate to use than this interferometer* 
With the superiority of the interferometer., a wealth of 
useful data could be rapidly accomplished.
The wavefront shearing interferometer also has. great 
potential use for thermal diffusion measurements*
Bryngdahl ( ?b ) has pioneered the interferometer1© use for 
this purpose, and Gustafsson et al ( 75 ) have recently 
started work in this field *
One main project which exploits the novel use of the 
wavefront shearing interferometer is already under way©
«»X79w
This is the application of the wavefront shearing 
interferometer to gas-liquid diffusion. Because of the 
superior sensitivity of the instrument, this is the first 
time that an interferometer has been used in this field 
with any measure of success* This application, which has 
immensely exciting possibilities, is described in 
Part IX of this work.
Other recent developements include the micro-wedge 
interferometer ( 76 ) (7?) and Moire interferometry( 78 )
( 79 )2 both of which it is hoped to investigate in this 
laboratory at a later date.
There is one other field of investigation that is 
not being studied yet, but which must be thoroughly examined 
in the future. This is the subject of liquid diffusion 
theory, - and in particular the formulation of a new 
semi-empirical, equation which will enable diffusivity to be 
predicted a little more successfully than at present.lt is 
suggested that the basis of this work take the form of,
a) amassing diffusivity data, for systems as near 
to ideal as. possible,
b) formulating an equation from these carefully vetted 
systems, and then
c) introducing, a molecular irregularity factor into
'*dl8 0
this equation that would account for deviations in 
abnormal liquid systems®
As mentioned above? the wavefront shearing 
interferometer is being applied in this laboratory to 
gas-liquid diffusion0 This quite novel developement will 
now be described in Part II of this work.
THE APPLICATION OF THE WAVEFRONT SHEARING INTERFEROMETER
to-
GAS-LIQUID DIFFUSION MEASUREMENTS.
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INTRODUCTION.
W ith  th e  w a v e fro n t  s h e a rin g , in te r f e r o m e te r  b u i l t ,  
and p ro v e d  as b e in g  a h ig h ly  a c c u ra te  and s e n s i t i v e  in s tru m e n t  
f o r  l i q u i d - l i q u i d  d i f f u s i o n  m easurem ents , i t  i s  a  n a t u r a l  
p ro g re s s io n  t o  a p p ly  th e  in te r f e r o m e te r  t o  g a s - l iq u id  
d i f f u s io n .
F i r s t l y ,  f o r  th e  p h y s ic a l  a b s o rp t io n  o f  a ga s  in t o  
a l i q u i d ,  th e  p o s s i b i l i t y  o f  m e a s u r in g  ( th e  d i f f u s io n  
c o e f f i c ie n t  o f  th e  gas in t o  th e  l i q u i d )  b y  an in t e r f e r o m e t r i c  
te c h n iq u e  i s  an a t t r a c t i v e  p r o p o s i t io n .  The m ost c o n v e n ie n t 
e x is t in g  m ethods f o r  th e  d e te r m in a t io n  o f ’ d i f f u s io n  
c o e f f i c ie n t s  o f  gases i n  l iq u id s -  in v o lv e  th e  m easurem ent 
o f  mass t r a n s f e r  r a te s  t in d e r  u n s te a d y - s ta te  c o n d i t io n s  , and 
s u f f e r  fro m  th e  in h e r e n t  d is a d v a n ta g e  o f  r e q u i r in g  f lo w in g  
system s* The la m in a r  j e t  te c h n iq u e  w h ic h  has- been used  i n  
t h i s  la b o r a to r y  b y  Thomas and Adams ( 8 0  ) (8 1  ) i s  an 
a c c u ra te  means o f  d e te rm in in g  mass t r a n s f e r  r a te s  , b u t  a 
de g re e  o f e r r o r  i s  in t r o d u c e d  by th e  p re se n ce  o f  e n t r y  and 
end e f f e c t s .
Thus, i f  i t  w ere  p o s s ib le  t o  a b s o rb  a gas in t o  
a l i q u i d  ( w i t h  no r e a c t io n  ) and t o  c a lc u la te  fro m  
in t e r f e r o m e t r ic  m easurem ents o f  th e  c o n c e n t r a t io n  p r o f i l e s
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m a d e " in  s i t u " ,  and w i th o u t  n e c e s s i ta t in g  an e x te n s iv e  kn o w le d g e  
o f  th e  p h y s ic a l  p r o p e r t ie s  o f  th e  sys te m , th e n  a u s e fu l  
te c h n iq u e  w o u ld  be e v o lv e d .
S e c o n d ly , f o r  a b s o r p t io n  o f  a. gas in t o  a  l i q u i d  
accom pan ied  b y  a c h e m ic a l r e a c t io n ,  i t  w o u ld  a g a in  be h ig h ly  
d e s ir a b le  t o  be a b le  t o  make m easurem ents " i n  s i t u " . I n  
a b s o rp t io n  accom pan ied  by a  r a p id  s e c o n d -o rd e r  i r r e v e r s i b l e  
r e a c t io n ,  a l l  e x i s t i n g  t h e o r ie s  a c c o u n t f o r  th e  fo r m a t io n  
and movement o f  a " r e a c t io n  zon e11* The movement o f  t h i s  
r e a c t io n  zone i s  r e la t e d  t o  th e  p h y s ic a l  p r o p e r t ie s  o f  th e  
sys te m , and by c a lc u la t in g  t h i s  movement th e  mass t r a n s f e r  
r a t e  may be p r e d ic te d .  P re v io u s  in v e s t ig a t io n s ,  u s in g  such  
a p p a ra tu s  as th e  la m in a r  je t , h a v e  p ro d u ce d  good ag reem en t 
be tw een  e x p e r im e n ta l r e s u l t s  and th e o r y .  U sing; th e  w a v e fro n t  
s h e a rin g , i n t e r f e r o m e t e r , i t  may be p o s s ib le  t o  o b se rve  th e  
a c tu a l  movement o f  t h i s  r e a c t io n  zone i n  a  s ta g n a n t system-, 
s in c e  a  m o d i f ic a t io n  t o  th e  in te r f e r o m e te r  e n a b le s  a  d i r e c t  
o b s e rv a t io n  o f  c o n c e n t r a t io n  p r o f i l e s  t o  be m ade .T hus, t h e  
p re s e n c e  o f  th e  r e a c t io n  zone can be c o n f irm e d  by d i r e c t  
o b s e rv a t io n ,  and a  p o s s ib le  means i s  fo rm u la te d  o f  r e la t in g ,  
th e o r y  t o  p r a c t ic e .
T h e re  a re  l i m i t s  t o  th e  a p p l i c a b i l i t y  o f  
in te r f e r o m e t r y  t o  g a s - l i q u id  a b s o r p t io n .  The f i r s t  c o n s id e r a t io n
i s  th e  s e n s i t i v i t y  o f  th e  in te r f e r o m e te r  i n  r e l a t i o n  t o  th e  
sys tem  u n d e r in v e s t ig a t io n .  T h is  w i l l  be d is c u s s e d  i n  some 
d e t a i l  f u r t h e r  on® A n o th e r  c o n s id e r a t io n  i s  th e  p re s e n c e  o f  
h e a t e f f e c t s  a s s o c ia te d  w i t h  th e  a b s o rp t io n  o f  a gas in t o  
a l i q u i d .  The e l im in a t io n  o f  th e s e  e f f e c t s  w i l l  be t o  a la r g e  
d e g re e  e x p e r im e n ta l?  and t h i s  a g a in  w i l l  be d is c u s s e d  in  th e  
r e le v a n t  s e c t io n ,
A s u rv e y  o f  th e  t h e o r ie s  r e le v a n t  t o  p h y s ic a l  
a b s o r p t io n  and a b s o r p t io n  accom pan ied  by a r a p id  s e c o n d -o rd e r  
i r r e v e r s i b l e  r e a c t io n  f o l l o w .
I n  th e  e x p e r im e n ta l in v e s t ig a t io n s  so f a r  u n d e r ta k e n  
i n  t h i s  la b o ra to r y ?  th e  f o l lo w in g  tw o  system s have so f a r  
been in v e s t ig a t e d : «
1 ) C arbon D io x id e  in t o  w a te r ( p h y s ic a l  a b s o r p t io n ) .
2) C arbon D io x id e  in t o  d i l u t e  m o n o e th a n o la in in e  
s o lu t io n (  a b s o r p t io n  w i t h  f a s t  2 nd o rd e r  r e a c t io n )
The r e s u l t s  o f  th e s e  in v e s t ig a t io n s  a re  re p o r te d *
X. THEORY OF GAS-LIQUID DIFFUSION
1 (a )  Gas. A b s o rp t io n  W ith o u t R eaction©
The t h e o r ie s  f o r  th e  a b s o r p t io n  o f  a  gas by  a 
l i q u i d  w i th o u t  c h e m ic a l r e a c t io n  may be b ro a d ly  c la s s i f i e d
w hereby a t  th e  in t e r f a c e  be tw een  a gas and a l i q u i d  i t  c o u ld  
be assumed th e r e  w ere  tw o  f i lm s  a d ja c e n t  t o  th e  in te r fa c e ©  
(se e  F i g * l  )
The r a t e  o f  mass t r a n s f e r  i s  d e f in e d  by  th e  
f o l lo w in g  e q u a t io n s
and th e  l i q u i d  f i l m  mass t r a n s f e r  c o e f f i c i e n t  i s  d e f in e d  by
u n d e r 1 )  F i lm  th e o r y
2 )  P e n e t r a t io n  T h e o ry ,
F i lm  T h e o ry
W hitm an ( 82 ) p ro p o se d  th e  t w o - f i lm  concep t?
( 1 )
(2)

Penetration Theory*
B ig b ie  ( 8 3  ) showed t h a t  th e  W hitm an f i l m
m echanism  was o n ly  t r u e  i f  th e  p e n e t r a t io n  o f  th e  l i q u i d  
f i lm ,  by th e  gas c o n t in u e d  u n in te r r u p te d  u n t i l  s te a d y  f lo w  
c o u ld  be assumed ( see F ig *  2 )*
The d o t te d  l i n e s  i n  F ig . 2 r e p r e s e n t  th e  c o n c e n t r a t io n  
p r o f i l e  o f  A and B i n  th e  i n i t i a l ,  p e n e t r a t io n  p ro c e s s *
From a  s o lu t io n  o f  P ic k 's  second la w  f o r  th e  
a p p r o p r ia te  b o un da ry  c o n d i t io n s ,  H ig b ie  o b ta in e d
(3 )
w h ic h  i s c (V)
A s im i la r  s o lu t io n  i s  g iv e n  by C rank ( 10 )® 
From t h i s ,  i s  d e f in e d  by
I t b )  • Gas A b s o rp t io n  W ith  R e a c tio n #
The m onograph by Sherwood and P ig fo r d  ( 8 *f ) g iv e s  
an a c c o u n t o f  th e  t h e o r ie s  a p p l ic a b le  t o  a b s o r p t io n  w i t h  
re a c t io n ©  T h e re  a re  tw o  t h e o r e t i c a l  bases f o r  th e  
t h e o r e t i c a l  d is c u s s io n  o f  th e  k i n e t i c  th e o r y  o f  s im u lta n e o u s  
d i f f u s io n  and c h e m ic a l r e a c t io n ;
a) assum ing, a p h y s ic a l  f i l m  o f  n e g l ig ib le  c a p a c i ty  
b u t  f i n i t e  r e s is ta n c e  ( f i l m  th e o r y  ) ,
b ) assum ing  u n s te a d y  s ta te  m o le c u la r  d i f f u s io n  o f  
th e  s o lu te  ( p e n e t r a t io n  th e o r y  ) e
R a p id  second o rd e r  r e a c t io n s  o n ly  w i l l  be c o n s id e re d  
i n  t h i s  s e c t io n #
F i lm  T h e o ry , -2 n d  O rd e r R e a c t io n  ( H a tta  ) .
Assume A + B AB
(g a s ) ( l i q u i d )  ( r e a c t io n  p ro d u c t )
A d is s o lv e s  and r e a c ts  w i t h  B a t  th e  phase b o u n d a ry ; th e  
p ro d u c t  AR b e g in s  t o  d i f f u s e  to w a rd s  th e  m a in  b o u n d a ry  
o f  th e  l i q u i d ;  as B i s  d e p le te d  n e a r th e  in t e r f a c e ,  A 
d i f f u s e s  f u r t h e r  i n t o  th e  b u lk  o f  th e  I q u id  t o  m ee t B 
d i f f u s in g  i n  th e  o p p o s ite  d i r e c t io n *  Thus th e  r e a c t io n  
zone moves away fro m  th e  in t e r f a c e ,  u n t i l  a f t e r  a s h o r t  
w h i le  th e  zone re a ch e s  i t s  e q u i l ib r iu m  p o s i t io n  (se e  F ig * 3 0 *
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For the gas film-?
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w here  (j) i s  th e  r a t i o  be tw een  th e  mass t r a n s f e r  c o e f f i c i e n t s  
w i t h  and w i th o u t  re a c t io n ?  and
D
( t t )
-  f 1 2 2 . ) 
CA i
• © « » « ( 1 2 )
d im e n s io n a l a n a ly s is  ? Van K re v e le n  and H o f ty z e r  ( g j )  (g g )  
r e la t e d  0  to* t h e  d im e n s io n le s S , p ro d u c ts -
•» ZZ „  ~ k® AB> # * a « ® * * ( l 3 )
d t  d t
B ria n - ( 8 7 ) h a s  shown t h a t  th e  f i l m  th e o r y  p r e d ic t s  t h a t  
i s  a u n iq u e  f u n c t io n  o f  n /m  , and r . q  , and shows 
t h a t  th e  f i lm :  th e o r y  s o lu t io n  may be a p p ro x im a te d  by
i-*- /  0 — 1
J  M J  1  «
«  ^  ( l b )
* L  0 — 1  A 
ta n h  X/M  j f f l  -  r q  /
where k is the reaction velocity constant in
x  - x  e + e
T h is  r e la t io n s h ip  be tw een  &  , a/m  , and r q  i s  d e s c r ib e d
b y  G i l l i l a n d  e t  a l  ( 88 ) ,  B r ia n  e t  a l  ( 8#  ) ?and T h o m a s (8 l) , 
who have p lo t t e d  $j} a g a in s t  J k  w i t h  3i + r * q  as p a ra m e te r 
( see F ig .V ) *
From  the- c u rv e s  r e l a t i n g  0  t o  J u  th e  f o l lo w in g  
p o in t s  may be o b s e rv e d ;
a ) a t  lo w  v a lu e s  o f  7 m  ( s m a l l  k )  , te n d s  t o  
u n i t y *  Thus a  s lo w  r e a c t io n  w i l l  n o t  in c re a s e  th e  mass 
t r a n s f e r  c o e f f i c i e n t .
b ) A t la r g e  v a lu e s  of J u  ( k  is - la r g e  ) , (p 
a p p ro a ch e s  an a s y m p to te  f o r  each r . q  v a lu e .  T h is  a s y m p to te  
c o rre s p o n d s  t o  an i n f i n i t e l y  r a p id  r e a c t io n  r e g io n ,  and
i s  g iv e n  b y
Q = 1  + r . q  a
c )  F o r  any f i x e d  v a lu e  o f  j u  , <j) a p p ro a ch e s  an 
a s y n p to te  f o r  la r g e  v a lu e s  o f  r . q  • As t h i s  a s y m p to te  i s  
a p p ro a ch e d , i s  e s s e n t ia l l y  c o n s ta n t  th ro u g h o u t  th e  
l i q u i d  phase and th e  r e a c t io n  becomes pseudo f i r s t  o r d e r .  
The c u rv e  o f  th e  a s y m p to te  i s  c lo s e ly  a p p ro x im a te d  t o  by 
th e  e q u a t io n
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whence
P e n e t r a t io n  T h e o ry , -  R a p id  2nd o rd e r  I r r e v e r s i b l e  R e a c t io n .
The d e r iv a t io n  f o r  th e  th e o r y  f o r  u n s te a d y  s t a t e  
a b s o r p t io n  w i t h  r a p id  second o rd e r  r e a c t io n  i s  d e s c r ib e d  
a d e q u a te ly  by  Sherwood and P ig fo r d  ( 8*+ ) „
The m ode l f o r  th e  d i f f u s io n  o f  A in t o  Bi, w i t h
j
k .D A Bo . . . . . . . . ( 1 7 0
♦■*193"*
r e a c t io n  A + B> AB; , i s  s im i la r  t o  th e  f i l m  th e o ry  
m ode l o f  H a t ta .  As A i s  a b s o rb e d , B m o le c u le s  n e a r th e  
in t e r f a c e  a re  consumed i n  th e  r e a c t io n  and a re  re p le n is h e d  
by  d i f f u s io n  o f  a d d i t io n a l  B  m o le c u le s  fro m  th e  m a in  body 
o f  th e  l i q u id #  S in c e  th e  r e a c t io n  v e l o c i t y  i s  assumed 
i n f i n i t e ,  th e  a s s u m p tio n  f o l lo w s  t h a t  r e a c t io n  i s  in s t a n t ­
aneous when A and B a re  b ro u g h t  t o g e th e r ,  and th u s  th e  
p o in t  w here A and B meet- each  o th e r  w i l l  move f u r t h e r  
away fro m  th e  in te r fa c e #  The r a t e  o f  a b s o r p t io n  o f  A 
t h e r e f o r e  grows p r o g r e s s iv e ly  s m a l le r  as th e  m o le c u le s  
have t o  d i f f u s e  f u r t h e r  i n t o  th e  l i q u i d  i n  o rd e r  t o  re a c t©
0 ^  x  x 1 ( w here  x* -  d is ta n c e  o f  th e  r e a c t io n  zone from . 
th e  in t e r f a c e ) ,  and B does n o t  r e a c t  a t  x l <[ x \ o o  f 
th e n  th e  d i f f u s io n  o f  A and B a re  go ve rn e d  by
w here  t?  = tim e #
I n  Fig,# 5- , c o n c e n t r a t io n  p r o f i l e s  f o r  A and B a re
S ince. A does n o t  r e a c t  w i t h  B a t  a  d is ta n c e
900090900 ( 1 8 )
(1 9 )
s h o w n ,a t t im e s  Q  and Q + d©  , t h e  r e a c t io n  zone 
h a v in g  moved d x 1 i n  t im e  d ©  „
F I G .
P e n e t r a t i o n  
A  b $ o  r a t i o n •*
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From th e  g e o m e try  o f  th e  t r i a n g le s  MNP and MPO ( F ig . 5 ) ,
MN = ^ f . d 9  = -  . d x '  (2 0 )
d U  Q X -
-  a C S  3  ° BOP a -  r ~ ~ .  d0 =■— # .  d x '  (2 1 )
From 20 and 2 1 ,
A C
A
I B  7 0
« « « • ( 2 2 )
S o lu t io n s ,  o f  e q u a t io n s  18 and 19 t o  s a t i s f y  th e  n e c e s s a ry  
b o u n d a ry  c o n d i t io n s  a re  $ -
' A
A-, + e r f
x * 6 # 8 * • ( 2 3  )
'A
X
■B
x. A^ + B2  e r f M  «  I  9  *  M  (  ( 2 V )
2 / Dra6  
vt B
w here e r f  z V L
/ t r
^ 2  
e . d t « * » * « » * * . ( 2 5 )
D i f f e r e n t i a t i n g  2 3 , and 2V w i t h  re s p e c t  t o  x  and 0  , 
s u b s t i t u t in g  i n t o  *2 2 ,  and p u t t in g  x  ~ x * 5 we g e t
- 1 9 6 -  
dx* x 1
T c T  ~ 2 0
On in t e g r a t in g
x ' = ZM  Jo  . . . . . . . ( 2 ? j
. . ( 2 6 )
w here 2 J^c i s  th e  in t e g r a t io n  c o n s ta n t .
E q u a t io n  2?  t h e r e f o r e  r e la t e s  th e  movement o f  th e  
r e a c t io n  zone t o  t im e .
The c o n s ta n t  j c /  i s  d e te rm in e d  by  c o n s id e r in g  th e  
b o u n d a ry  c o n d i t io n s  •
i . e .  ! • /  c A -  c.f l . , x  ~ 0 , 0  >  0 .1 . / CA = aA i  •
2 . / CB = ^Bo :
3 . / °B  = cBo
W °A  = °» °BO
5 . / d a> ! a + D
f 0  55 Oj  x  >  0 #
= 0 , when x  = x s, 0 1 0  ©
=: 0 , when x  -  X s
" > x  B ^ x
A p p ly in g  th e  b o u n d a ry  c o n d i t io n s  t o  e q u a t io n s  22,23-, 2%  
2 6 , and 2 7  t o  s o lv e  f o r  th e  c o n s ta n ts  ^2, ? Bx ? B 2  
and ®C $
kl cA i  «# * © • (2 3 )
+ S2 ~  °Bo • * • • • (2 9 )
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s'
Al  +  \C ~  } = 0  .......... (3.0)
d a
q / ,1,
Ap +  Bw> e r f  ( ) 2 ^ 0  ««*♦«« ( 3 1 )
d b
% / S A  0 - ^  Di  > -  % / S  e -  d b  > -  0  . . . ( 3 2 )
S o lv in g  eqns* 28 t o  3 2
n i n  C^/Da ) )  o( i  o( i
( B/p. ) ( °B o ) a A /D B e r f ( ~ r r -  ) + e rf< S jr~ )  =1
DA A B
* • * 0 ( 3 3 )
n r  ^ ( l - V r )  t
o r ,  > / r * q  e '  e r f  O" A + erfC T^C  / y j  ) 3  * . •  (3 3 a )
w here <XA 3 ^  . and r  = -S -
Thus th e  in t e g r a t io n  c o n s ta n t  , f r o m  e q n .2 7 , d e s c r ib in g
th e  movement, o f  th e . r e a c t io n  zone w i t h  t im e ,  i s  g iv e n  b y  
th e  i m p l i c i t  f u n c t io n  d e s c r ib e d  by e q u a t io n  3 3
D a n kw e rts  ( 9 0  ) h a s  p re s e n te d  a  s im i la r  e q u a t io n  
t o  3 3 , b u t  w i th o u t  any d is c u s s io n  o r  m a th e m a tic a l 
deve lopem ent#  The e q u a t io n  D a n kw e rts  g iv e s  i s ,
® Ai < t|, cBo a\ -> crA2s B i  t o, A ai- a A
••*(3+)
( - p -  ) e  e r f  c <3^ -  (  y=r  ) e  e r f  e  ' = 0
V ° B  x A
R e a rra n g in g , t h i s  e q u a t io n  by  p u t t in g
0 B = ( T A / ^
and e r f e  z = 1 « e r f  z 
th e  same r e s u l t  i s  o b ta in e d  as w i t h  e q u a t io n  33
The r a t e  o f  mass t r a n s f e r ,  , i s  g iv e n  by
da  
d xWA -  “  DA C M  ^ x -0   . . . . (35 )
From  o q u a t io n s  2 3 ,2 8 ,  and 3 G? t h is ,  i s  e q u a l t o
n -  eA i  .  ( “  ) *
A ~ , q4 *§■ 17 B ««««©.«« (3 3 ;
n r i  
%
and th e  a ve ra g e  r a t e  o f  a b s o r p t io n  up t o  t im e  fc? i s
b y  c  d a  x
CH ) =  , ju .  2 ( r r r )  2 .................(37)
A a v  ' . « < * ) *  I I 8
A
g iv e n
I f  th e  l i q u i d  f i l m  mass t r a n s f e r  c o e f f i c i e n t ,  , i s  
d e f in e d  on th e  b a s is  o f  a  d r i v in g  fo r c e  ( c ^ - O ) ,  we g e t
T h is  same r e s u l t  i s  g iv e n  b y  D a n kw e rts  a ls o ?  h p t  w i th o u t
any d e ve lo p e m e n t*
B r ia n  (8 ? )  bas» p r e d ic te d  f ro m  th e  p e n e t r a t io n  th e o r y
t h a t  ^  is - a  u n iq u e  f u n c t io n  o f  t h e  v a r ia b le s  J *
r?  and q* From th e  p re c e d in g , s e c t io n ?  i t  w i l l  be rem em bered
t h a t  f o r  th e  f i l m  th e o r y  $) i s  a f u n c t io n  o f  J  M?and r * q  
F o r  th e  p e n e t r a t io n  th e o r y  t h e r e  i s  no m a th e m a t ic a l
s o lu t io n  r e la t in g ,  (p ? J M? r?  and q when r-£  1? k:£ :0<3 ,
As an  a p p ro x im a tio n ?
p u t t in g ,  ** T r« q  • , • «• &©«* • ©««© (3 9 )
1 ^ © x f  Cf~ (kO)
and q y  r
^  c r T f l  -  ^ / p ) 
e r f  0  A e A r
th e n
i>
— / 0 teB 1
ta n h  M / l .  -
The curves- r e l a t i n g  ^ t o ^ M ?  w i t h ^  -  X as- p a ra m e te r?  a re  
a s  i n  F ig ,k ?  and th e . same o b s e rv a t io n s  t o  th e s e  c u rv e s  
a p p ly  as w i t h  th e  f i l m  th e o r y .
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GAS—LIQ UID  DIFFUSION*
l i e  a  ) *  S e n s i t i v i t y  o f  th e  W a v e fro n t S h e a r in g  In te r fe r o m e te r ,
As m e n tio n e d  i n  th e  in t r o d u c t io n ,  th e  s e n s i t i v i t y  
o f  th e  w a v e fro n t  s h e a r in g , in te r f e r o m e te r  w i l l  be a p r im e  
c o n s id e r a t io n  i f  th e  in te r f e r o m e te r  i s  t o  be s u c c e s s fu l 
f o r  a  p a r t i c u l a r  system # G e n e ra lly  sp e a k in g ;, th e  r e f r a c t i v e  
in d e x , o f  a  l i q u i d  s a tu r a te d  w i t h  a  m o d e ra te ly  s o lu b le  gas 
i s  n e g l ig ib l y  d i f f e r e n t  fro m  th a t ,  o f  t h e  p u re  l iq u id #
The p e n e t r a t io n  th e o ry  f o r  p h y s ic a l,  a b s o r p t io n ,  eqn V , 
g iv e s  t h a t
c x
~ e r f c  ( )
A i  2 /D t
Assum ing., a g a in ,  t h a t  th e  r e f r a c t i v e  in d e x /c o n c e n t r a t io n
r e la t io n s h ip  i s  a s t r a ig h t  l i n e ,  th e n ,
n  x
~  e r f c  ( "~s:. ) * « « « • • « •  (V3 )
nA i  2 / l ) t
T h e o r e t ic a l l y ,  w i t h  th e  w a v e f ro n t  s h e a r in g  
in te r f e r o m e te r  u s in g , a 6 *3  cm. c e l l  and th e  m e rc u ry  g re e n  
l i n e  o f  5V61 X , th e  m inim um  r e f r a c t i v e  in d e x  d i f f e r e n c e
— 2 0 1 —
T hu s, f o r  any g a s - l iq u id  system, th e  r e f r a c t i v e  in d e x  
d i f f e r e n c e  in t r o d u c e d  by  c o n ta c t  be tw een  th e  g a s  and th e  
l i q u i d  m u s t be above t h i s  f ig u r e *  F o r p h y s ic a l  a b s o r p t io n ,
^ s o lv e n t  ~ nA i  mias:^ be above t h i s  m in im um . I n  a b s o rp t io n  
w i t h  r e a c t io n ,  due t o  th e  p re s c e n c e  o f  r e a c t io n  p ro d u c ts ,  
o n ly  e x p e r ie n c e  w i l l  show i f  A n  . i s  a t t a in e d .
Hi ■iLi»wi
A lth o u g h  th e  f ig u r e  o f  5 9 x  10**^ i s  a
t h e o r e t i c a l  f ig u r e  f o r  t h i s  in te r f e r o m e te r ,  I t  can  be 
shown t h a t  t h i s  l i m i t  was app ro a ch e d  when exam in ing : m u tu a l 
d i f f u s io n  i n  l i q u i d  s y s te m s . F o r  in s ta n c e ,  th e  a ve ra g e  
c o n c e n t r a t io n  d i f f e r e n c e  em p loyed  was 0 .0 6 $ . F o r  
d ie th a n o la m in e ,  A  c ~ 0 .0 6 $  H: A n  ~ 9 x  10” ^ .  A lth o u g h  , 
th e  A  n  i s  r e l a t i v e l y  h ig h  i n  t h i s  ca se , th e  c o n c e n t r a t io n  
d i f fe r e n c e ,  use d  was o n ly  chosen  because a b o u t 8 f r in g e  
p a i r s  ( a  c o n v e n ie n t  num ber ) w ere fo rm e d  a t  t h e  s t a r t  o f  
d i f f u s i o n .  I t  w as q u i t e  f e a s ib le  t o  w o rk  a t  a  lo w e r  
c o n c e n t r a t io n ( and hence r e f r a c t i v e  in d e x )  d i f f e r e n c e *
I t  had been d e c id e d  t o  f i r s t  a p p ly  th e  in te r f e r o m e te r  
t o  th e  p h y s ic a l  a b s o r p t io n  o f  c a rb o n  d io x id e  i n t o  w a te r#
T hu s , a s  an  i l l u s t r a t i o n  o f  th e  c r i t e r i o n  o f  s e n s i t i v i t y  
a p p l ie d  t o  a sys te m , t h e  p r e l im in a r y  in v e s t ig a t io n s  w i l l  
be d e s c r ib e d  h e re *
measurable, A  n m± n  ~ 9 x 10~^
—d.02—*
The o n ly  d a ta  t h a t  e x is t s  on th e  r e f r a c t i v e  in d e x  
o f  CC>2 i n  w a te r  i s  r e p o r te d  by W atson ( 91- ) •  The s tu d y  
made by W atson i s  o n ly  f o r  d i l u t e  CO2  s o lu t io n s ?  fro m  
w h ic h  h© g iv e s
— k , 6 j^S ££ ? » 1  x  l o  »c * , « , » « • * ,  (k k )
w here  = (n w a te r  -  *  ID 7
a =5 COg con cn , ? m o l s / l i t r e
I f  t h i s  r e la t io n s h ip  i s  a p p l ie d  t o  s a tu ra te d  w a te r
_ o
( c  -  3 , 3 :1  x  1 0  g,, m o l s / l i t r e )  then?
A n ~  3  x  1 0 " 5
T hu s  th e  r e f r a c t i v e  in d e x  d i f f e r e n c e  s h o u ld  be v e ry  c lo s e
t o  A  * w
A ch e ck  on th e  r e f r a c t i v e  in d e x  o f  w a te r  s a tu ra te d  
w i t h  CO2  was a tte m p te d  i n  t h i s  la b o r a t o r y .  Seven s o lu t io n s  
w ere  p re p a re d  by  b u b b lin g  CO2  th ro u g h  100m l w a te r  a t  a 
r a t e  o f  20 cm ^/m in  f o r  l k ~ l ?  h r s ,  The r e f r a c t i v e  in d ic e s  
w ere m easured u s in g  a P u l f r i c h  re f ra c to m e te r?  w h ic h  has.;
Hb*
an a c c u ra c y  o f  -  0 ,0 0 0 0 2 , Some d i f f i c u l t y  was e x p e r ie n c e d  
w i t h  te m p e ra tu re  c o n t r o l?  so t h a t  one o r  tw o  f ig u r e s  
o b ta in e d  a re  s u s p e c t.
The r e f r a c t i v e  in d ic e s  m easured i n  t h i s  la b o r a t o r y  
f o r  CO2  ~ s a tu ra te d  w a te r  a re  l i s t e d  b e lo w , F ix in g  th e
f i r s t  f o u r  s i g n i f i c a n t  f ig u r e s  a t  1 * 3 3 2  ? v a r i a t i o n  i n  
the . f i f t h  and s i x t h  s i g n i f i c a n t  f ig u r e s  was.;**
67 $ 27 9 b3 9 39 9 5 l  9 and*+5 
The a ve ra g e  v a lu e  f o r  n-p =s 1 . 3 3 2 *+!? ( r e f r a c t i v e  in d ic e s  
b e in g  m easured a t  26°C ) .
A cce p te d  v a lu e s  f o r  th e  r e f r a c t i v e  in d e x  o f  p u re  
w a te r  ( 9 2  ) a re  l i s t e d  b e lo w s -
t ° C
2 0
2 2
2 b
26
2 8
nD
1*33299
1 * 3 3 2 8 1
1*33262
l * 3 3 2 t o
1*33219
I t  is . th u s  e v id e n t  t h a t  th e  r e f r a c t i v e  in d e x  d i f f e r e n c e
b e tw e e n  00^ -  s a tu r a te d  w a te r  and p u re  w a te r  i s  n o t  a c c u r a te ly
m e a s u ra b le  by a P u l f r i c h  r e f r a c to m e te r ,  b u t  can  be e x p e c te d
t o
t o  be o f  th e  o rd e r  10  ta  Thus th e  in te r f e r o m e te r  w i l l  be 
w o rk in g  c lo s e  t o  i t s  l i m i t .
One p o in t  w h ic h  s h o u ld  be n o te d  i s  th e  r e f r a c t i v e  
in d e x  change o f  w a te r  w i t h  te m p e ra tu re ®  The change p e r  °C 
i s  a p p ro x im a te ly  0*0001© Thus u s in g  th e  w a v e fro n t
— l o  i f
CN
CL
CN
CL
if)
LO
-J
CL
if)
CL
$
P
<s
, o
•s#
P
o
o
< o
CD
I L
c^
Vi
o
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P
P
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s h e a r in g  in te r f e r o m e te r  ( and a  c e l l  o f  p a th  le n g th  6 *3  ® e ) s 
a te m p e ra tu re  d i f f e r e n c e  o f  o n ly  0 .09°G  w i l l  be  enough t o  
p ro d u ce  fr in g e s ©  T h is  i l l u s t r a t e s  th e  im p o r ta n c e  o f  te m p e r­
a tu r e  c o n t r o l  and th e  n e c e s s i ty  o f  g u a rd in g  a g a in s t  h e a t 
e f f e c t s  d u r in g  a b s o rp tio n ©
1 1 (b )*  D e s c r ip t io n  o f  t h e  A ppara tus®
The w a v e fro n t  s h e a r in g  in te r f e r o m e te r  has been
f u l l y  d e s c r ib e d  i n  P a r t  I  o f  t h i s  w o rk*
H ow ever, an im p o r ta n t  m o d i f ic a t io n  t o  th e  o p t i c a l
a rra n g e m e n t, a s  shown i n  F ig *  6 ,  was made t o  e n a b le  a  d i r e c t
r e c o r d in g  o f  th e  r e f r a c t i v e  in d e x  (  c o n c e n t r a t io n )  g ra d ie n t©
T h is  m o d i f ic a t io n  was, f i r s t  d e s c r ib e d ' b y  B ry n g d a h l
and L ju n g g re n  ( 93 ) and B ry n g d a h l ( 9*+ ) •  The m o d i f ic a t io n
c o n s is ts  o f  in t r o d u c in g  a  second S a v a r t  p la t e ,  SP2, a f t e r
SP1 © P o la r is e r  P2 i s  th e n  p u t  a f t e r  SP2®
S t r i c t l y  s p e a k in g , th e  g r a d ie n t  re c o rd e d  i s  n o t
i n  C a r te s ia n  c o - o r d in a te s  ( x , y )  b u t i n  c u r v i l i n e a r
c o - o r d in a te s  ( x , u ) ,  w here  u  ~ y (  1 -  i i L  ) .  H e re ,
h
k  «  d is ta n c e  be tw een  L j  and M , and p  i s  g iv e n  b y
w here n  and n  , a re  th e  p r i n c i p a l  r e f r a c t i v e  in d ic e s  o f  t h e  e o;
S a v a r t  p la t e .
I n  th e  sys tem  u se d  i n  t h i s  la b o r a to r y ?  h~600 mm*? 
and <j£ » 0 *3  • To a l l  in te n ts ,  and pu rposes?  th e re fo re ?  th e  
g r a d ie n ts  re c o rd e d  b y  th e  in te r f e r o m e te r  a re  i n  C a r te s ia n  
c o - o r d in a te s ,
The G a s i-L iq u id  C e l l  i s  d ia g r a m a t ic a l ly  shown 
i n  F ig ,  7 $ ari& a  p h o to g ra p h  ( F ig ,  8 ) shows, t h e  e x te r n a l  
a p pe a ra nce *
The c e l l  i s  c o n s t ru c te d  th ro u g h o u t  o f  s t a in le s s  
s te e l?  and th e  d im e n s io n s  a re  based on th e  f lo w in g  ju n c t io n  
c e l l  w h ic h  was used  s u c c e s s fu l ly  i n  th e  l i q u i d - l i q u i d  
d i f f u s io n  e x p e r im e n ts .  The o p t ic a l ,  p a th  le n g th  th ro u g h  th e  
c e l l  i s  6 , 3  cm* ? and th e  i n t e r  f a c i a l  a re a  be tw een  th e  gas and
p
t h e  l i q u i d  i s  32 cm ,  O p t ic a l  g la s s  f la t s ?  10 mm th ic k ?  a r©  
c lam ped p a r a l le l ,  t o  th e  p r e c is io n  m ach ined  fa c e s  o f  th e  c e l l
. j  . u
by 1 2  s p r in g  h e ld  sc re w s* Gopper and ru b b e r  g a s k e ts  ( / 1 6
and 2  mmi t h i c k  r e s p e c t iv e ly  ) d i s t r i b u t e  th e  sc re w  p re s s u re .  
Gas i s  a d m it te d  th ro u g h  one o f  th e  p o r t s  ( 3 / ^ 5 !l 
o , d i a . ) and i s  d e f le c te d  by th e  b a f f l e .  D i s t r i b u t i o n  o v e r  th e  
l i q u i d  s u r fa c e  i s  a id e d  by th e  s t a in le s s  s t e e l  gauze ( 2 0 0
( T )  G a s  P o r t s
( 2 )  O p t i c a l  F l a t s
( 3 )  1 2  S c r e w s  
©  B a f f l e
©  G a u z e  
© )  K n i f e - E d g e  
©  L i q u i d  P o r t s
© )  C o p p e r / R u b b e r  
G a s k e t s
S S i J  T h e  G a s - L i q u i d  C e l l .
F ig * 8 . The G a sf-L iq u id  C e l l .
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© )  O p t i c a l  B e n c h  
©  W a s h  B o t t l e  
©  G a s  R o t a m e t e r s  
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\
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The l i q u i d  i s  a d m it te d  v ia ,  a  b u re t te ?  so  t h a t  a 
c a r e f u l  c o n t r o l  o f  th e  l i q u i d  l e v e l  can be e f f e c t e d ,  T h is  i s  
n e ce ssa ry?  s in c e  an in g e n io u s  d e v ic e  ha s  been in c o r p o r a te d  
i n t o  th e  c e l l  t o  e l im in a te  th e  m e n iscu s  ( th u s  m a k ing  
i d e n t i f i c a t i o n  o f  th e  in t e r f a c e  m ore a c c u r a te ) .  T h is  d e v ic e  
c o n s is ts  o f  a s i l v e r  k n ife -e d g e ?  v lO O O  t h ic k ?  p r o je c t in g  
1  mm ro u n d  th e  w a l ls  o f  t h e  c e l l .  The e n g in e e r in g  o f  t h i s  
k n i fe - e d g e  i s  a  m a t te r  o f  some d e lic a c y ?  b u t  once  
a c c o m p lis h e d  th e  r e s u l t  i s  h ig h ly  s u c c e s s fu l.
The c e l l  i s  m ounted on a. c i r c u l a r  base? a t ta c h e d  
i n  t u r n  t o  an K -sh a p e d  base w i t h  f o u r  a d ju s ta b le  sc re w s  in  
t h e  le g s .  The c i r c u l a r  base may be r o ta te d  by means o f  a
&crew  d e v ic e ?  so th a t ,  th e  a x is  o f  th e  c e l l  may be a l ig n e d
w i t h  th e  o p t i c  a x is .
The a d m is s io n  o f  gas t o  th e  c e l l  f o r  c o n ta c t in g  
w i t h  a  s o lu t io n  i s  i n  i t s e l f  a  te c h n iq u e  ( s in c e  i t  i s  so
e s s e n t ia l  t o  m in im is e  a l l  h e a t  e f f e c t s  ) ,
The f i r s t  a rra n g e m e n t t r i e d  f o r  a d m it t in g  gas t o  
th e  c e l l  i s  shown i n  F ig ,  9 * Two 5 - l i t r e  a s p i r a t o r s  
c o n ta in e d  C02 and n i t r o g e n  ?~ th e  C02 b e in g  m a in ta in e d  o v e r  
a  c o n c e n tra te d  m agnesium  s u lp h a te  s o lu t io n .  The gas 
( c o n c e n tra te d ?  o r  d i l u t e d  w i t h  n i t r o g e n  ) i s  m e te re d  th ro u g h
- 2 1 0 -
- 2 1 1 —
two. ro ta m e te rs . ( ra n g e  0 -  25 ra l/m in  ) and p a sse d  th ro u g h  
a. s in te re d v .  g la s s  d is c  ( p o r o s i t y  1. ) wash b o t t le ©  T h is  
p e rm its  a. v i s u a l  ch e ck  on th e  gas. r a t e  and e n s u re s  a d d i t i o n a l  
s a t u r a t io n  o f  th e  gas© H ow ever, t h i s  a rra n g e m e n t i s  n o t  
v e r y  s u c c e s s fu l. ,  s in c e  th e  passage  o f  g.as o v e r  t h e  l i q u i d  
in tro d u c e s , e i t h e r  e v a p o ra t io n  o r  c o n d e n s a t io n ,  -  h e a t  e f f e c t s  
b e in g  a p p a re n t b y  th e  fo r m a t io n  o f  f r in g e s -  even  when p u re  
n i t r o g e n  i s  p a sse d  over®
A second a rra n g e m e n t w h ic h  i s  a lm o s t e n t i r e l y  
s u c c e s s fu l i s  shown i n  F ig®  10* One o f  t h e  c e l l  gas p o r t s  
i s  c o n n e c te d  t o  t h e  C02 a s p i r a t o r ,  and th e  o th e r  t o  t h e  N2 
a s p i r a t o r *  Tap B i s  c lo s e d ,  so t h a t  t h e  c e l l  i s  u n d e r  a 
s l i g h t  p re s s u re  eq ua l, t o  t h a t  i n  th e  N2 a s p i r a t o r ,  w h ic h  
i n  t u r n  i s  e q u a l t o  t h a t  i n  t h e  002 a s p i r a t o r  (a p p ro x *
8  mm Hg. gaug.e ) *  B e fo re  c o n ta c t in g  th e  gas w i t h  t h e  l i q u i d ,  
th e  N2 a s p i r a t o r  gas j a r  i s  e le v a te d  a b o u t 7 cm ( th u s  
in t r o d u c in g  a  p re s s u re  d i f f e r e n c e  be tw ee n  th e  C02 and 
N2 a s p i r a t o r s  o f  a b o u t 7 cm w a te r  ), S h o r t ly  a f te r w a r d s ,  
ta p  B i s  opened* C02 i s  th u s  b ro u g h t i n t o  c o n ta c t  w i t h  th e  
l i q u i d  w h i l s t  e q u a l is in g ,  th e  p re s s u re  i n  th e  system * 
N e g l ig ib le  p h y s ic a l  changes, a re  in t r o d u c e d  by t h i s  m ethod*
H ow ever, a  d is a d v a n ta g e  o f  th e  m e thod  i s  t h a t  gas 
c o n c e n t r a t io n s  a re  n o t  e a s i l y  c o n t r o l la b le #  A p ro p o s e d

F i g . 1 1 * G e n e r a l  V ie w  o f  O p t i c a l  B en ch  <5c G as  C e l l .
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m o d i f ic a t io n  is .  t o  in t r o d u c e  a t h i r d ' - a s p i r a t o r  a s  i n  F ig . lO A ,  
w i t h  c a r e f u l  m e te r in g  o f  t h e  gas flow s©
The o p t i c a l  b e n ch , w i t h  th e  gas c e l l  f i t t e d  up 
as. i n  F ig .  1 0 , i s  s h o rn  i n  t h e  p h o to g ra p h  i n  F i g . l l .
The cam era , t im e  r e c o r d e r ,  and v ie w e r  a re  shown i n  F ig . 1 2 .
I t  w i l l  be n o t ic e d  i n  F ig .1 2  t h a t  i n  f r o n t  o f  t h e  v ie w e r ,  
i n  p la c e  o f  w h ic h  th e  cam era  i s  m ounted d u r in g , r u n s ,  i s  a  
h in g e d  m i r r o r  and g ro u n d  g la s s  s c re e n . T h is  i s  f o r  in s p e c t io n  
o f  th e  im age d u r in g  p h o to g ra p h ic  r e g i s t r a t i o n .
1 1 ( c ) .  E x p e r im e n ta l T e c h n iq u e .
The ga s  c e l l  i s  th o r o u g h ly  c le a n e d , t a k in g  c a re  
n o t  to . damage th e  k n i fe - e d g e ,  b e fo re  t h e  g la s s  f l a t s  a re  
screw ed  in t o  p o s i t i o n  and th e  w h o le  u n i t  i s  c e n te re d  on 
t h e  o p t i c a l  b e n ch . The c e l l  i s  p u rg e d  w i t h  n i t r o g e n .
■ U s in g  th e  b u r e t t e ,  t h e  c e l l  i s  f i l l e d  w i t h  
t h e  s o lu t io n  t o  be c o n ta c te d  w i t h  t h e  g a s .A s  e x p la in e d
p r e v io u s ly ? th e  c e l l  i s  f i l l e d  v i a .  th e  b u re t te ,  so t h a t  t h e  
l i q u i d  l e v e l  can  be c o n t r o l l e d .  I f  t h i s  i s  done? i t  i s  s im p le  
t o  re d u c e  the . m e n is c u s  t o  a  v e r y  f i n e  d e p th  b y  means, o f  
th e . k n i fe - e d g e .  Thus? I d e n t i f i c a t i o n  o f  th e  in t e r f a c e  i s  
f a c i l i t a t e d .
The gas c e l l  i s  c o n n e c te d  up t o  th e  a s p ir a to r s ?  
w h ic h  have  been f i l l e d  w i t h  t h e i r  r e s p e c t iv e  ga se s? a s  i n  
F ig * 10 ,  The a s p i r a t o r s  a re  a t  e q u a l p re s s re s *
The c o m p le te  u n i t  i s  th e n  l e f t ,  o v e r n ig h t  i n  th e  
t h e r m o s t a t ic a l l y  c o n t r o l le d  c o n s ta n t, te m p e ra tu re  room 
(m a in ta in e d  a t  2 5  -  0 .1 °  C ) .
When a b o u t t o  s t a r t  a. run? t h e  R o b o t R e c o rd e r 
cam era i s  lo a d e d  w i t h  K odak R#55 r e c o r d in g  f i lm ?  and th e  
t im in g  u n i t  i s  s e t  f o r  1 sec* e x p o s u re s  e v e ry  k  se co n d s .
The 250w m e rc u ry  v a p o u r  lam p i s  s t a r t e d  up? and a f t e r  
in s p e c t io n  o f  th e  im age ( t o  v e r i f y  t h a t  th e  f r in g e s  a re  
a l l  v e r t i c a l?  -  any b e n d in g  in d ic a t e s  p r e l im in a r y  mass 
t r a n s f e r  o r  th e rm a l im b a la n c e s  ) th e  cam era i s  p la c e d  i n  
p o s i t i o n .
The gas j a r  o f  th e  n i t r o g e n  a s p i r a t o r  i s  r a is e d  
a b o u t 7 cm#? -  th u s  e f f e c t i v e l y  lo w e r in g :  th e  p re s s u re  i n  
th e  gas c e l l  and a s p i r a t o r  by a b o u t 7 cm # w a te r. Tap B? 
fro m  th e  c a rb o n  d io x id e  a s p i r a t o r ? i s  opened? and a t  t h i s
— 2 X 6
i n s t a n t  t h e  t im in g  o f  th e  p h o to g ra p h ic  r e g i s t r a t i o n  i s  s t a r t e d „
A f t e r  a b o u t 60 seconds th e  im age i s  in s p e c te d  
( u s in g  th e  h in g e d  m i r r o r  and g ro u n d  g la s s  s c re e n  ) •  W ith  
a b s o r p t io n  o f  Co2 i n t o  d i l u t e  m o n o e th a n o la m in e , i t  i s  q u i t e  
p o s s ib le  th a t-  by t h i s  t im e  c u m u la t iv e  h e a t  e f f e c t s  w i l l  be 
d is t u r b in g  th e  s o lu t io n  s u f f i c i e n t l y  t o  make f u r t h e r  
p h o to g ra p h ic  r e g i s t r a t i o n  u n n e c c e s s a ry  ( t h i s  w i l l  be 
i l l u s t r a t e d  l a t e r  o n )*  H ow ever, i f  c a r e f u l  c o n t r o l  o f  
c o n c e n t r a t io n s  i s  e f f e c t e d ,  i t  may be p o s s ib le  t o  e l im in a t e  
th e s e  h e a t e f f e c t s  and t o  c o n t in u e  p h o to g ra p h ic  r e g i s t r a t i o n  
f o r  a  c o n s id e ra b le  t im e  f u r t h e r .  W ith  p h y s ic a l  a b s o r p t io n  
th e s e  h e a t  e f f e c t s  a re  n o t  a p p a re n t,  and in s p e c t io n  and 
r e c o r d in g  o f  th e  f r in g e s ,  c o n tin u e s , u n t i l  th e  f r in g e s  a re  
n e a r ly  v e r t i c a l .
The exposed R .55 r e c o r d in g  f i l m  i s  d e v e lo p e d  i n  
Kodak D X .80 d e v e lo p e r  f o r  2 m in u te s  a t  25°G .
. M easurem ent o f  th e  c o n c e n t r a t io n  p r o f i l e s  i s  
e f f e c te d  by p r o je c t in g  th e  p h o to g ra p h ic : im a g e - .o n to  .a f r o s t e d  
s c re e n  ( a t  a m a g n i f ic a t io n  o f  a b o u t 6 0 x  ) ,  and t r a c in g  th e  
p r o f i l e s  o r  r e a c t io n  zone p o s i t io n .  I t  does n o t  a p p e a r t h a t  
a  r e c o r d in g  m ic ro d e n s ito m e te r  can  be a p p l ie d  i n  t h i s  c a s e .
111(a)©  P h y s ic a l A b s o r p t io n  o f  00^ in t o  W a te r.
S e v e ra l re p e a te d  ru n s  w ere  made f o r  th e  d i f f u s i o n  
o f  G0 2  i n t o  w a te r ,  and a p h o to g ra p h  o f  a  t y p i c a l  r e f r a c t i v e  
in d e x  (  c o n c e n t r a t io n  ) g r a d ie n t  r e c o r d in g  fro m  one o f  t h e  
ru n s  i s  shown i n  F ig . 13* The e x p o s u re  shown i s  f o r  t  »  7 2 0  
s e c o n d s i
I n  t a b le  1 ,  m easurem ents  f o r  c o n c e n t r a t io n  g r a d ie n ts  
re c o rd e d  a t  t  =  2 0 5  and t  -  7 2 0  seconds f o r  one ru n  a re  . 
g iv e n .  A ls o  t a b u la te d  a re  th e  v a lu e s  o f  th e  d i f f u s i o n  
c o e f f i c i e n t  w h ic h  w o u ld  s a t i s f y  th e  c u rv e s  a t  ea ch  p o in t .
I n  F ig . l* + ,  t h e  t h e o r e t i c a l  c o n c e n t r a t io n  p r o f i l e s  
f o r  th e  d i f f u s i o n  o f  GO^ i n t o  w a te r  a re  g iv e n .  These  have  
been c a lc u la te d  f o r  t- = 2 0 , 9 0 , and 7 2 0  se co n d s , u s in g  
e q u a t io n  *+. V a lu e s  o f  e r f c  x  have  been com puted and t a b u la te d  
by th e  a u th o r  , be tw ee n  x  = 0 . 0 0 0 0  and x  = 2 . 3 0 0 0  ( a t  
i n t e r v a l s  o f  0 . 0 0 0 1  ) .T h e  a lg e b r a ic  e x p a n s io n
, o 0
was used? w here n  i s  th e  num ber o f  te rm s  i n  th e  s e r ie s  
e x p a n s io n . The s e r ie s  was expanded as f o l lo w s
x  n o . o f  te rm s
0 t o 1 9
1 " 1 .2 15
1 .2  " 1 . 5 16
1 .5  " 1 .6 18
1 .6  " 1 .8 20
1 .8  " 2 .0 25
2 .0  " 2 .3 3 2
A v a lu e  o f  D »  19*5 x  1 0 "^  cm2/ s e c  f o r  th e  d i f f u s i o n  
c o e f f i c i e n t  o f  CQ^ i n t o  w a te r  ( 8 0  ) ( 9 ?  ) was ta k e n  i n  
c o m p u tin g  th e  t h e o r e t i c a l  c o n c e n t r a t io n  g r a d ie n ts *
The e x p e r im e n ta l c o n c e n t r a t io n  g r a d ie n t  f o r  t  ~  
7 2 0  secs  has been p lo t t e d  to g e th e r  w i t h  t h e  t h e o r e t i c a l  
c u rv e s  f o r  c o m p a ris o n .
From  t a b le  1? and a ls o  fro m  a  c o m p a ris o n  o f  th e  
t h e o r e t i c a l  and e x p e r im e n ta l c o n c e n t r a t io n  p r o f i l e s  i n  
F ig © Ik  9 i t  i s  a p p a re n t t h a t  th e  e x p e r im e n ta l,  d i f f u s i v i t y
F i g * 13. C02 -  w a t e r  r e f r a c t i v e  i n d e x  g r a d i e n t  r e c o r d i n g
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T a b le  1© E x p e r im e n ta l D i f f u s io n  o f  C02 i n t o  w ater©
G o n c e n tra t io n  G ra d ie n ts  re c o rd e d *
G *  5 5 .8
r ...*......... . ------ ~
x*- x  = X ‘ /G  
(nm s)
c/ c'  A i
D, t o
s a t i s f y
p o in t
2 ( (cm / s e c  x  10
5 0 .0 7 1 7 0 .8 9 & 7 .6 9
8 0.15-3, 0 .7 1 1 3.6-5
12 0 ,2 1 5 0 .5 6 0 3*33
t  ~ 1 6 0 .2 8 7 0.5-03 2 .8 8
2.05 secs 20 0 .3 5 9 0 .2 8 0 2 .7 0
25- 0.5-30 0 .2 0 ? 2 .8 5
i 30 0 .5 3 8 0.126 ' 3 .0 0
1
5-0 0 . 7 1 7 0 .0 5 6 0 3.5-5
50 0 . 8 9 6 0 . 0 1 8 7 3 .5 6
5 0 . 0 7 1 7 0 .9 0 5 2 .5 1
8 0.15-3 0 .8 1 3 2 .5 5
12 0 . 2 1 5 0 .7 1 8 2,5-7
16 0 . 2 8 7 0 ,6 2 5 2 ,5 o
20 0 .3 5 9 0 .5 3 5 2 . 3 2
t  = 25 0.5-30 0 .5 6  0 2 .3 5
7 2 0  secs 30 0 .5 3 8 0 . 3 6 0 2 .5 0
5-0 0 .7 1 7 0 . 2 2 0 2 .3 9
-
1 5o 0 . 8 9 6 0 .1 5 1 2 .5 7!
11 6 0 I . 0 7 6 0 .0 9 5 0 2 .8 9  •'
7 0 1 .2 5 5 0 .0 5 7 5 3 .0 3
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o f  C02 i n t o  w a te r  i s  to o  lo w  by a f a c t o r  o f  a b o u t 8 ,  and 
as such  is . u n r e a l*  I t  m ust be em phasised  h e re  th a t,  th e s e  
ru n s  w ere  re p e a te d  many t im e s ,  and th e  re c o rd e d  c o n c e n t r a t io n  
p r o f i l e s  w ere a l l  s im i la r  i n  t h e i r  a p p a re n t D v a lu e s  t o  th e  
tw o  p r o f i l e s  re p ro d u c e d  i n  t a b le  1 .
The m a in  c o n c lu s io n  th a t -  may be p o s tu la te d  f ro m  
th e s e  re p e a te d  f a i l u r e s  a t  m e a s u r in g  th e  c o r r e c t  d i f f u s i o n  
c o e f f i c i e n t ,  i s  t h a t  th e  in te r f e r o m e te r  i s  w o rk in g  a t  i t s  
a b s o lu te  l i m i t  o f  s e n s i t i v i t y ®  T h is  is - s u p p o r te d  by an 
e x a m in a t io n  o f  th e  re c o rd e d  c o n c e n t r a t io n  p r o f i l e s *
I n  F ig *1 3  i t  w i l l  be n o t ic e d  t h a t  t h e  maximum 
"b e n d in g "  o f  th e  g ra d ie n ts -  i s  o n ly  e q u a l t o (  o r  s l i g h t l y  
le s s  th a n  ) th e  e q u id is t a n t  s p a c in g  a p a r t  o f  th e  f r in g e s .  
S in c e  t h i s  s p a c in g  i s  e q u iv a le n t  t o  an  o p t i c a l  p a th  le n g th  
o f  X / a  ( *+ ) ,  i t  w o u ld  a p p e a r t h a t  th e  r e f r a c t i v e  in d e x  
d i f f e r e n c e  be tw een  C02~ s a tu ra te d  w a te r  and p u re  w a te r  i s  
o n ly  a b o u t 9 x  1C T^*
( I n  th e  d is c u s s io n  on th e  s e n s i t i v i t y  o f  t h e  
in te r f e r o m e t e r ,  i t  w i l l  be rem em bered t h a t  th e  r e f r a c t i v e  
in d e x  d i f f e r e n c e  was e x p e c te d  t o  be o f  th e  o rd e r  10 ; )
S in c e  th e  r e f r a c t i v e  in d e x  d i f f e r e n c e  i s  so 
a p p a r e n t ly  lo w ,  th e n  t h e r e  i s  a  good p o s s i b i l i t y  t h a t  
d i s t o r t i o n  o f  th e  re c o rd e d  g r a d ie n ts  w i l l  o c c u r .  I t  may
—22k—'
w e ll,  be 5th e n ?  t h a t  t h e r e  is . n o t  a s u f f i c i e n t  r e f r a c t i v e
in d e x  d i f f e r e n c e  p re s e n t  i n i t i a l l y  t o  e n a b le  any a c c u ra te
m easurem ents t o  be made o f  th e  d i f f u s i o n  o f  C02 i n t o  w a te r*
I f  t h i s  i s  so? th e n  r e - e x a m in a t io n  and r e - a p p r a is a l  o f
p re v io u s  w o rk e rs 1r e s u l t s  u s in g  in te r f e r o m e te r s  t o  s tu d y
d i f f u s i o n  o f  GO^ i n t o  w a te r  w i l l  be necessa ry®
H a rve y  and S m ith . ( k6 ) use d  a  Mach Z ande r
in te r f e r o m e te r  t o  d e te rm in e  th e  i n t e r f a c i a l  r e s is ta n c e  i n
a l i q u i d  f i l m  t o  th e  a b s o r p t io n  o f  Now? s in c e  a Mach
Z ende r i s  a good d e a l le s s  s e n s i t i v e  th a n  a w a v e fro n t
s h e a r in g  in te r f e r o m e t e r  ? Z ^ n  . = 6  x  IO*"** b e in g  q u o te dman
by M u l l in  e t  a l  (  2 k  )? th e n  i t  i s  - u n l ik e ly  t h a t  t h e i r  •. 
o b s e rv e d  c o n c e n t r a t io n  g r a d ie n ts  w ere t r u e  mass t r a n s f e r  
g r a d ie n ts *  A lso ?  a f e a tu r e  o f  H a rve y  and S m ith 1 s e x p e r im e n ta l,  
te c h n iq u e  w as th e  sudden c h a n g in g  i n  p re s s u re  o f  th e  sys tem  
fro m  vacuum t o  a tm o s p h e r ic *  S in c e  t h i s  w i l l  u n d o u b te d ly  
have  caused m arked  p h y s ic a l  changes i n  th e  sys tem  and 
in t r o d u c e d  la r g e  h e a t  e f f e c t s ?  t h e i r  te c h n iq u e  and r e s u l t s  
need  v e r y  c a r e f u l  r e c o n s id e r a t io n *
R e c e n tly ?  Je p se n  ©t- a l  ( 96 ) r e p o r te d  on th e  
e f f e c t  o f  w a v e - in d u c e d  tu r b u le n c e  on th e  r a t e  o f  a b s o r p t io n  
o f  gases i n  f a l l i n g  l i q u i d  f i lm s *  One o f  th e  b a s ic  f e a tu r e s  
o f  t h i s  w o rk  was th e  u se  o f  a Mach Z e n d e r in te r f e r o m e te r
t o  d e te rm in e  c o n c e n t r a t io n  p r o f i l e s  f o r  th e  d i f f u s i o n  o f  
c a rb o n  d io x id e  i n t o  w a te r  f i lm s *  A lth o u g h  Je p se n  d e s c r ib e s  
th e  c lo s e  te m p e ra tu re  c o n t r o l  o f  t h e  w a te r  he u s e s , t h e r e  
i s  no a c c o u n t o f  any a t te m p t  t o  c o n t r o l  th e  te m p e ra tu re  
and h u m id ity  o f  th e  gases* S in c e  Je p se n  u se d  a  f lo w in g  
sy s te m , th e n  i t  i s  q u i t e  p ro b a b le  t h a t  th e r m a l im b a la n c e s  
w e re  in t r o d u c e d ,  so t h a t ,  a g a i n , i t  i s  q u i t e  p ro b a b le  t h a t  
th e  g r a d ie n ts  o b s e rv e d  w e re  n o t  t r u e  mass t r a n s f e r  g r a d ie n ts *  
A lth o u g h  th e  w a v e fro n t  s h e a r in g  in te r f e r o m e t e r  
h a s  n o t  p ro d u c e d  any a c c u ra te  p r o f i l e s  f o r  th e  p h y s ic a l  
a b s o r p t io n  o f  C02 i n t o  w a te r ,  th e r e  i s  no re a s o n  why i t  
s h o u ld  n o t  y i e l d  t r u e  g r a d ie n ts  w here  a  m ore s o lu b le  gas 
i s  co n ce rn e d *
1 1 1 (b )*  A b s o rp t io n  o f  C02 i n t o  d i l u t e  M o n o e th a n o la m in e *
U s in g  a I  g / l i t r e  MBA s o lu t io n  (0 *0 1 6 6  N ) 
s e v e r a l ru n s  w e re  re p e a te d  f o r  th e  a b s o r p t io n  o f  C02 i n t o  
d i l u t e  m o n o e th a n o la m in e  s o lu t io n *  O th e r c o n c e n t r a t io n s  o f  
MBA w e re  u s e d , b u t  due t o  an i n i t i a l  la c k  o f  e x p e r im e n ta l 
te c h n iq u e  th e s e  ru n s  w e re  o f  l i t t l e  v a lu e .  O n ly  when 
e x p e r ie n c e  had  been g a in e d , and th e  i n t e r p r e t a t i o n  o f  t h e
- ? 2 < S  —
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FIG. 16 CONCENTRATION PROFILES OBSERVED DURING
ABSORPTION OF COg BY 0 .0 1 6 6  N MEA .
p h o to g ra p h ic  r e c o r d in g s  was a c c o m p lis h e d , d id  any c o n s is te n c y  
a p p e a r i n  th e  r e s u l t s .  T h u s , o n ly  tw o  ru n s  , b o th  u s in g  
0*0166  N MBA, a re  re c o rd e d  h e re .
I t  w i l l  be. rem em bered fro m  t h e  th e o r y  o f  a b s o rp -  
t i o n  accom pan ied  by a f a s t  2nd o r d e r  i r r e v e r s i b l e  r e a c t io n ,  
t h a t  a r e a c t io n  zone i s  fo rm e d  i n  such  a  c a s e ,— th e  r e a c t io n  
zone m ov in g  away fro m  th e  in t e r f a c e *  I n  F ig * l6  a. d e t a i l  o f  
t h e  p h o to g ra p h ic  r e c o r d in g  o f  t h i s  r e a c t io n  zone i s  shown 
f o r  C02 d i f f u s i n g  i n t o  0 *0166  N MEA a f t e r  5? se co n d s . I n  
F ig * l5  t h e  m a in  f e a tu r e s  o f  t h i s  p h o to g ra p h  a re  d ra w n , so 
t h a t  th e  p r i n c i p a l  r e g io n s  and d im e n s io n s  may be i d e n t i f i e d .  
N o te  th e  s c a le  o f  th e  p h o to g ra p h  ( app rox#  6 0 x  m a g * fa c to r )©
These-’ f e a tu r e s  w i l l  now be d e s c r ib e d ; -
1 )  The t o p , t o t a l l y  d a rk ,  r e g io n  i s  th e  m e n iscu s * 
( i n  t h i s  p h o to g ra p h , a s  w e l l  as- t o  F ig s . 1?A t o  D , a  deep 
m e n is c u s  i s  a p p a re n t*  T h is  i s  due t o  t h e  k n i fe - e d g e  n o t  
b e in g  u s e d , h a v in g  been damaged e a r l i e r  o n . The p re s e n c e  
o f  a  m e n iscu s  does n o t  t o  an y  way p r e ju d ic e  th e  r e s u l t s )
2 )  B e n e a th  t h i s  d a rk  x^egion i s  an  a p p a re n t 
n a r ro w  w h ite  band* The to p  o f  t h i s  band has been i d e n t i f i e d  
as th e  in t e r f a c e ,
3 )  B enea th , t h e  in t e r f a c e ,  a s e t  o f  l i n e s  ru n
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s l i g h t l y  downwards fro m  r i g h t  t o  l e f t .  These l i n e s  r e p r e s e n t  
t h e  s te e p  c o n c e n t r a t io n  g r a d ie n t  o f  C02 d i f f u s i n g  th r o u g h  
th e  r e a c t io n  p ro d u c ts  s o lu t io n , ,
*+) M e e tin g  t h e  C02« d i f f u s io n  g r a d ie n t  l i n e s  a re  
a s e t  o f  l i n e s  s lo p in g  up w a rd  fro m  l e f t  t o  r ig h t .T h e s e  
l i n e s  ha ve  been ta k e n  t o  r e p r e s e n t  t h e  c o n c e n t r a t io n  
g r a d ie n t  o f  MEA d i f f u s i n g  upxrards ( and p o s s ib ly  a ls o  th e  
downward d i f f u s i o n  o f  th e  r e a c t io n  p r o d u c ts ) .
5 ) Where th e  tw o  s e ts  o f  l i n e s  m e e t, th e  r e a c t io n  
zone i s  assumed t o  l i e .
6 )  The lo w e r  edge o f  th e  lo w e r  w h ite  band i s  
ta k e n  as th e  e x t r e m i ty  o f  th e  l i q u i d  f i lm *
The above in t e r p r e t a t io n s  o f  th e  p h o to g ra p h ic  
r e c o r d in g s  o f  th e  a b s o r p t io n  o f  C02 by d i l u t e  MEA, ta k e n  
u s in g : th e  w a v e f ro n t  s h e a r in g  in te r f e r o m e t e r ,  i s  t e n t a t i v e .
I t  m ust be rem em bered t h a t  t h i s  i s  th e  f i r s t  t im e  t h a t  t h e  
p re s e n c e  o f  th e  r e a c t io n  zo n e , i n  a b s o r p t io n  w i t h  f a s t  2nd 
o rd e r  r e a c t io n ,  has ; been i l l u s t r a t e d .  P r e v io u s ly  an  e n t i r e l y  
t h e o r e t i c a l  c o n c e p t,  i t  i s  now p o s s ib le  t o  a c t u a l l y  o b s e rv e  
t h i s  r e a c t io n  zone and i t s  m ovem ent.
A s e r ie s  o f  p h o to g ra p h s  i l l u s t r a t i n g ;  t h e  movement 
o f  t h i s  r e a c t io n  zon e  a re  shown i n  F ig s .  17A t o  D..
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F ig s .  1?A t o  1?D*
P h o to g ra p h s ' sho w ing  m ovem ent o f  t h e  R e a c tio n . Zone i n  
a b s o r p t io n  o f  C02 by  0* 0166 IJ MEA# The t im e s  o f  e x p o s u re  
w ere  a s  f o l lo w s ;
3 s e c s (A )  § 2 1  s e cs  (B ) ; 33 s e c s  (G) § 51 s e c s (D )*
F IG . I7 A
F IG .  17B
— 2 3 3  -
Fid. 17C
/ 
m
m
2 3 +
F IG . 17D
I n  F ig©  18 is .  shown a p h o to g ra p h  o f  t u r b u le n c e  i n  
th e  l i q u i d  f i l m ,  ta k e n  a b o u t 6 5  seconds- a f t e r  a d m is s io n  o f  
C02  t o  th e  c e l l  ( c o n ta in in g  0 .0 1 6 6  N MEA )© I n  F ig © 1 9 , 
eddy d i f f u s i o n  and tu r b u le n c e  i n  th e  b u lk  o f  th e  l i q u i d  i s  
c le a r l y  v i s i b l e , -  t h i s  e x p o s u re  b e in g  ta k e n  a b o u t 8 0  se cs  
a f t e r  th e  a d m is s io n  o f  GG2 *
I t  m ust be em phas ised  t h a t  i n  F ig s .  1 8  and 19 
th e  tu r b u le n c e  i s  due a lm o s t  e n t i r e l y  t o  a la c k  o f  c o n t r o l  
o v e r  th e  phase c o n c e n t r a t io n s , -  p a r t i c u l a r l y  th e  C0 2 .
The C02  was a lm o s t  100$ p u re  on a d m is s io n  , and i t  i s  a  
f a i r  s u rm is e  th a t :  th e  lo w e r in g  o f  t h e  C0 2  p a r t i a l  p re s s u re  
w o u ld  e l im in a te  t h i s  tu r b u le n c e .  A fe w  t e s t  r u n s ,  u s in g  a  
gas b u r e t t e  t o  m e te r  th e  CO^ i n t o  th e  c e l l ,  seem t o  b e a r  
t h i s  o u t .  H ow ever, t h i s  i s  a r e f in e m e n t  o f  th e  e x p e r im e n ta l 
te c h n iq u e  th a t-  w i l l  need in v e s t ig a t in g  i n  the : f u t u r e .
The cause  o f  th e  tu r b u le n c e  i s  a  m a t te r  f o r  
c o n je c tu r e .  P o s s ib ly ,  t h e  h e a t o f  r e a c t io n  be tw een  C02  and 
am ine may be d is s ip a te d  a t  a somewhat g r e a te r  r a t e  th a n  th e  
mass t r a n s f e r  p ro c e s s .  The tu r b u le n c e  e n c o u n te re d , h o w e v e r, 
w o u ld  in d ic a t e  a b u i ld - u p  o f  th e rm a l e n e rg y  w h ic h  i s  o n ly  
d is s ip a te d  a f t e r  a  f a i r  le n g th  o f  t im e .
The- e f f e e t  o f  t h i s  tu r b u le n c e  i s  n o t  o f  an y  
g r e a t  im p o r ta n c e  i n  th e  p a r t i c u l a r  sys tem  s tu d ie d .  A l l  th e
— Z 3 G  -
F ig *  1 8 # T u rb u le n c e  in  th e  L iq u id  F ilm *
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Fig. 19. Turbulence in the Bulk of the Liquid,
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in fo r m a t io n  n e c e s s a ry  r e g a r d in g  th e  movement o f  th e  r e a c t io n  
zone i s  r e g is t e r e d  i n  a b o u t 35 se co n d s , and th e  tu r b u le n c e  
does no t, f o l l o w  " u n t i l  a b o u t 3 0  seco nd s  la te r ®  H ow ever, 
tu r b u le n c e  may be an im p o r ta n t  c o n s id e r a t io n  w i t h  o th e r  
sys te m s .
tw o  ru n s  f o r  th e  a b s o r p t io n  o f  C02 i n  0 *01 66  N MEA* 
F o l lo w in g  t h i s  t a b le  a re  c a lc u la t io n s  r e l a t i n g  th e  e x p e r im ­
e n t a l  o b s e rv a t io n s  t o  th e  f i l m  and p e n e t r a t io n  t h e o r ie s  
o u t l in e d  e a r l i e r  on®
In  F ig ,  2 1 , p l o t s  o f  x 1, Jf) have  been made f o r  ru n s  X and 
I I .  F rom  w h ic h ,
I n  t a b le  2 a re  re c o rd e d  m easurem ents  ta k e n  i n
From th e  p e n e t r a t io n  t h e o r y  i t  f o l lo w s  t h a t
Hun I ,  v<X  ~ 0*059
Hun II, Joi 3 0.070
.238.
T a b le  2, A b s o rp t io n  o f  COg in t o  0 .0 1 6 6  N MEA.
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1
X* Xj-=X* + x " XM1
Is e c s ) (mm) (mm) (mm)
3 1 . 7 3 2 0 .1 5 0 0 .6 8 6 0 .5 5 6
9 3 . 0 0 0 . 3 2 2 0 . 8 7 6 0 .5 5 5
15 3  0 8 7 0 .5 3 8 0 .9 9 2 0 .5 5 5
21 5 . 5 9 0 .5 7 9 1 .1 0 0 0 .6 2 1
27 5 . 2 0 O. 5 7 8 1 .2 0 0 0 .6 2 2
Run X 33 5 . 7 5 0 . 6 2 8 1 .2 5 8 0.63,0
39 6 . 2 5 0 . 6 3 6 I . 3 2 7 O .6 9 I
55 6 . 7 1 0 .6 6 1 1 .3 2 7 0 . 6 6 6
51 7 . 1 5 0 .6 2 8 I . 2 9 8 : 0 . 6 7 0
57 7 . 5 5 0 .6 5 5 1 . 2 9 0 0 .6 5 5
63 7 . 9 5 0 .6 6 1 1 .2 9 0 0 . 6 2 9
5
— - — —  
2 .2 5 0 .1 5 8
1 0 3 .1 6 0 .2 8 8
15 3 .8 7 0 .3 7 9
R u n l l
2 0 5 .5 8 0 .5 5 8
25 5 . 0 0 0 .5 3 7
30 5 .5 8 0 . 6 1 6
35 5 .9 1 0 . 6 6 3
5o 6 . 3 2 0 . 6 7 9
i
55 6 .7 1 0 .6 9 5
1__ ____  —
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I f  (x* *  x " )  is  p lo tte d  against. J (4 , th e  slope g ives
,/c<  ft 0.07-28 (Run I  )
In  the  graphs o f x !* aga ins t Jfy i t  w i l l  he n o tice d  th a t 
the. lin e  cu ts the  JQ -a x is  a t a p o s itiv e  va lue o f J<Q ; 
t h is  g ives an in d ic a tio n  o f the  e rro r o f th e  tim in g  o f th e  
photographic record ing# As an estim ate  o f the  tim e -e rro r.
-  0.6 secs (Run I )  
y =s lo-2 secs (Run II.)
I f  th e  0  va lues are in c o rre c t, and a lso  th e  p o s itio n  o f th e  
11 in te r  face" fo r  measuring x ?, then a p lo t o f. ( x^ -■ x* ) 
a g a in s t -  J (0 ^  ) should g ive  the  tru e  ©On th is
b a s is , by app ly ing  a le a s t squares f i t ,  yW  was ca lcu la te d  
fo r  runs I  and II#
For a lin e  Y. = A + B#X (46)
the  best slope is  g iven by
B  =  N / X Y  -  Y / X
o "^V O © a * • « o (+7)
K 2 , r  - ( < >  x f t
where M is  the  number o f p o in ts  (X,Y) # In  ta b le  3g u sample 
c a lc u la tio n  to  c a lc u la te  JS. by the. above method Is  g iven 
fo r  run  XI# The f i r s t  7 p o in ts  are used.
— 2lf-2w
Table 3© C a lc u la tio n  o f from  Least Squares f i t  to
( . * «  - a % )  ,  (  f %  a  -  - / s t y .
I
Points. (y /j a“  /% ) (xa -  7V
X X XX
1,2 0.92 0.8565 O .I3O 0.11960
2,3 0.71 0. 5o5l 0.091 0.06561
3,5, 0.61 0.3721 0.079 0.05819
0,52 0.2705 0.079 0.05108•
5,6 0.58. 0.2305 0.079 0. 03792..
6 ,7 0.53 0.1859 0.05? 0.02021 . ‘
1 ,3 1.63 2.6569 0 « 2,2.1. 0.36023
1 ,5 2 . 25 5.0176 0*300 0.67200
1 ,5 2.76 7.6176 0.359 0.99085
1,6 3.25- 10.5976 0.558 1.58392
1,7 3.67 13.5689 0.505 1.85335
2 ,5 1.32 I .7525 0.170 0.221+50
2 ,5 1.85 3.3856 0o2k9 0.55816
2,6 2.32 5.3825 O.328 O.76096
2,7 2.75 7.5625 0.375 1.03125
3 ,5 1.13 I .2769 0.158 0.17855-
3,6 1.61 2.5921 0.237 0.3815?
3,7 2 . 05 5-. 1616 0.285 0.57936
5,6 1.00 1 .0000 0.158 0.15800
5,7 1.53 2.0559 0.205 0.29315
5,7 0.91 0.8281 0.126 0.11566
*>4C_J 33.56 71.6535 5.638 9.87200 J
From, th is ,  6 -  2*C9.&72) -  (3 3 .5 6 )(5 .6 38)
21(71.6535) -  (3 3 .56)2
, \ 7  0.13658
."  .  vS ' = o. 0683
From Run I? N -  31
5 fx  =36.83 
* x 2 =59.5613 
? r  = 5.855
^ x y  = 7 . 8.5038
Using th e  * L va lues in  Run 1?
N = 15 1
£x  = 27,36 ( /—
^ X 2 = 65.85112 V whence 7 «< = 0.0725
<r y  = 3.950 j
^ X Y  = 9.9595888 J
in  the  s ix  c a lc u la tio n s  has been ca lcu la te d  to  be
0.059; : 0*07 s 0.0728 t 0.0683 s 0.0659 sO.0725®
Taking the  average value?
V  <X a O0O68I
T h is  va lue  o f Jck w i l l  he used in  a l l  subsequent c a lc u la tio n s .
V
whence Jo( =  0.0659
From the  p e n e tra tio n  th e o ry , is  de fined  by
0 -A
A
Using, J o t  = 0 '0681, and = 19*5 x  lO ^m m ^/sec ( s in c e  
has been c a lc u la te d  on a m illim e tr ic  b as is )
c rA « 1 .54
Using, th is  va lu e  o f 0%  , i t  w i l l  now be shown what agreement 
e x is ts  between th e  experim enta l re s u lts  ob ta ined , and th e  
f ilm  and p e n e tra tio n  th e o rie s  fo r  a bso rp tion  accompanied 
by a ra p id  2nd o rder re a c tio n .
1 . /  Taking =» 19® 5 x ic f^  mm2/s e c
=3 10 .4  x 10“ ^  mm2/se c
cA i ~ 3*31 x  10” *^  g.mols/cm^
CBo 53 D.66 x  10” 5 g.mols/cm^
What (T^ va lue  is  needed to  f i t  equation 33?
i ®  €*• D p  gf C p  ( C f 2  )  ( 1  ** i  )  r n
( ^  ) C ^  ) e A *  e r f  01 + e r f (  7^  ) *  1
UA A i A -/ r
(. notes Db is  taken as the  d iffu s io n  c o e ff ic ie n t o f 0 N MEA, 
as measured by the  a u th o r, c ^  is  the  e q u ilib riu m  s o lu b i l i t y  
o f  C02 in  w ater )
- 2 5 5 -
r  = DB /d = 0.539 5 
A
0.735 | (1  -  §■ ) = -0 .858
q =s CBo/ ~ Oo? 5 q /  r  -  0.367
°A i
Sample c a lc u la tio n ;-
Put 0% — 1
> o e“ 0.858. . 6 r f 1 -  0.8527 ; e r f  = 0.9561
S u b s titu tin g  in  eqn©33?
L«H*S* » 1.077 (R.H.S. = 1)
®*® (Xa &oe& n o t s a t is fy  the  equation
S u b s titu tin g  CT. va lues from. 0.6 to  3 , i t  is  apparent th a tA
th e re  are two va lues o f CT^that s a t is fy  th e  equation  fo r
th e  above- r  and q *
a© e. a LHS -  RHS
0.6 - 0.0856
0.7 -0.0138
0.75 +0.0083
0.8 +0.0331
1.0 +0.0770
1..2 +0.0765
1 .5 +0.0581
1.6 +0.0373
2.0 +0.0116
2.2 +0.0057
3 .0 +0.0002

&KM&
fcai>
r  *J>
The s o lu tio n  to  equation  33? using the  above q and r  ? 
is  shown in  F ig .22. From F ig . 22 and the  ta b le  above? th e  
two 0% values, th a t s a t is fy  the  equation are
CTa  *  0 * 7 2  (  T e a l  )
<yA >  3 (u n re a l )
whence? « 0.0318 ( re a l ) and >  0*1325 (u n re a l ) ,
The th e o re tic a l movement o f  th e  re a c tio n  zone? from  eqn.27? 
fo r  the  above JoU is  shown in  F ig . 23 j and these curves are 
compared w ith  the experim enta l p o in ts  fo r  runs I  and I I .
2 . /  From th e  f i lm  theory?
, 1  . K t  1
Sy a ^  " 7 T 55 “ “ — ”  1  £  b q; e r f  0%
Taking r  ~ 0.539 § q -  0 .5  ? then r .q  -  0.2695
whence CTA = 0,883 ( and '\jok -  0,03 &9 )
I t  I s  thus  q u ite  obvious from  c a lc u la tio n s  1 and 2 th a t th e  
experim enta l va lues obta ined fo r  .J<X and 0%  d if f e r  
w id e ly  from th e  th e o re tic a l va lues fo r  the  system C02 in to  
0.0166 N MEA ? using th e  known va lues o f DA ? Dg ? cA^ ? 
and gBo to- s a t is fy  the  equations « Taking e A^ and Cg0 to
be c o rre c t, th e  problem , th e n , Is  to- assess whether an 
a lte ra t io n  to  th e  va lue  o f e ith e r (n o t very l ik e ly  ) 
o r (more l ik e ly  ) w i l l  s a tis fy  th e  film , and p e n e tra tio n  
th e o rie s  fo r  th e  experim enta l (X  * va lu e .
13» / ¥hat is  D. to  s a t is fy  —■—  = 1 + r .q  ?
A  e s f  c J "A
Taking, a/S = 0.0681 , q » 0 .5 ,and D„ ~ 10.+  x  10“ ^  min2/s e c
10 .+  x  io “ lf
• • e r f  ( u,uoua~ ) “  d
!A
—* -*w A  R* f  **-V/ *  * ^  JAv/ \
f t  * 7 1 7 7 0 5 8 1 .  \ ”  ■ 1  +  ° * 5 C  - — — —  }
* B/V
/
►—- -ft.
S o lv ing  in  the  above equa tion , must have to  have a va lue  
o f about 38 x  ICT mm /s e c  *
4 . /  What is  to  s a t is fy
qy*V e ^ A  e r f  cX  ^ + e r f  °  A^ j  =* 1,
tak ing ; th e  above , q , and va lues ?
S o lv ing  in  th e  above equation ,
Da (x  1 0 ?  LHS-RHS
20 +0.026
+0 +0.0052
+5 +0.0037
50 +0.0(26
70 +0.0003
-2 50'
Thus, to  e xp la in  th e  J Z  va lue  obta ined e xp e rim e n ta lly , 
assuming; DB, oA1 , and cBq to  be c o rre c t , DA would have 
to  be about 38 x  10*" mm /s e c  ( f i lm  th e o ry  , calc# 3 )
U p .
o r g re a te r th an  70 3C 10"* mm /se c  ( p e n e tra tio n  th eo ry  , 
calc# b  )* Since th e  on ly  means o f in c re a s in g  DA by th is  
e x ten t would be a tem perature r is e  o f a good 20 to  30°C, 
i t  would appear th a t needs re -exam ina tion  ( assuming; th is  
tim e  th a t DA is  c o rre c t )•
% /  What is  Db to  s a t is fy  eg’fffi-  3 1 + r*q  ?
A
ta ilin g  0 A 23 X* f q 3 0 .5  *
1
r ~  C — X  )  — 0 « 0 6
e r f  l#5i+
0 .5
„ k  p_ p
whence -  1*73 x  10 nun /  sec©
6 # / What is  DB to  s a t is fy  eqn 33 ? as in  c a lc u la tio n  b2
S o lv in g , u s in g  th e  CT* and q va lues as, in. c a lc u la tio n  5,
: IO 1* ) LHS ■ RHS
10.5 6 X io " 2
5 1 X io ” lf
5 9 X 1 0 " 6
2 b X I Q - 1 1
— 2 5 1 “
From ca lcu la tio n s - 5 and 6, i t  can be seen th a t by lo w e rin g
2to  a va lu e  o f around 2 x  10 mm; /s e c  th e  experim ental.
JD>
x/o( va lue  is  v e r if ie d  to  an extent#
I t  would appear then th a t the  re a c tio n  zone 
observed in  th e  runs described above g ives r is e  to  an a r t i f ­
ic ia l l y  low  va lue o f Jsi , the  l ik e l ie s t  e xp lana tion  o f which 
is  a low ering, o f «
There is . a f a i r  amount o f ju s t if ic a t io n  in  making 
th is , statem ent , -  c e r ta in ly  in  view  o f the  long  co n ta c t 
tim e  employed , and th is  w i l l  be discussed in  th e  fo llo w in g  
section *
One p o in t rem ains in  c la r ify in g  the  above c a lc u l­
a tio n s  * Presuming the  in te r fa c e  had been w rongly id e n t if ie d ,  
and s im u ltaneously the  tim in g  o f the  photograph ic re co rd in g  
was in c o rre c t by about 2 seconds ( la rg e  e rro r  ) ,  would th is  
have much e ffe c t on ? As a te s t o f th is  p a r t ic u la r  ease,,
a th e o re tic a l curve was. drawn, and was then d isp laced  by 
app rec iab le  increments, in  x* and 0  #Qn p lo t t in g  x ? 
a g a in s t \ /§  the  e ffe c t is  to  s h ift, the. curve s u f f ic ie n t ly  
to  c u t the  0  -  a x is  a t a n ega tive  va lue  when x 1 -  0, By 
comparing th is  d isp laced  curve and the  experim enta l curves, 
I t  is  q u ite  e v id en t th a t the  in te r fa c e  has. been f a i r ly  
a ccu ra te ly  id e n tifie d ©  A lso is  n o t a lte re d  much by 
d is p la c in g  the  curve#
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_______________ P O S S I B L E
C O ? —  M E A
A B S O P P T I O N  M O D E L  i
In  an experim enta l in v e s tig a tio n  o f the  a bso rp tion  
o f c h lo rin e  by fe rro u s  c h lo rid e  in  h y d ro c h lo ric  a c id , 
G ill i la n d  e t a l  ( 88 ) concluded tha t- the  e ffe c tiv e  d if fu s -  
iv i t y  o f the  fe rro u s  io n  was on ly  59% th a t o f the  s a lt  
d i f f u s iv i t y  o f fe rrous, ch loride©  The o v e ra ll re a c tio n  may 
be expressed as
C l2 + Fe++' 2C1" + 2Fe+++ . . . . . . ( + 8 )
However, th is - re a c tio n  may be broken down in to  th re e  stages,
1 ) ^ 2  **" ^  CX,«Fq * • •» • • * * ♦ • (4 9 )
2) C lg .F a ** — Cl "  + G l.Fe+++  .......... (50)
3) C l.F e+++ + Fe++ C l" + 2Fe+++ . . . . . ( 5 1 )
Stage 2 is  slow re la t iv e  to  stages I  and 2.
Thus, a f a i r l y  complex io n ic  re a c tio n  model is- 
fo rm u la ted , and i t  becomes e v iden t th a t Dg is  no lo n ge r 
m erely the  d if fu s io n  c o e ff ic ie n t fo r  th e  fe rro u s  s a lt  
d iffu s in g  towards th e  re a c tio n  zone® Instead  , must take  
in to  account the  complex io n ic  counter d if fu s io n  occuring. 
as th e  re a c tio n  proceeds*
Using th e  Hatha f ilm  th eo ry  model, the  abso rp tion  
o f c h lo rin e  by fe rro u s  c h lo rid e  may th u s  probahaly be 
represented by F ig *24-.
- 2 5 3 -
T h e  R e d u c t i o n  o f  i n  t h e  A b s o r p t i o n  o f  C O 2  b y  M E A ©
•*2 5 k -
For th© a bso rp tion  o f C02 by MEA? th e  ra te  is
governed by th re e  main sim ultaneous re a c tio n s ,
i,e *  1) R,NH2: + 002 R.NH^,C02
(carbamate)
2) OH t  C02 9* H.COj , , , , * • * • ♦  (53)
3) R,NH2 + O lf *  C02 -~-4> C02«,0.CH2GH2ra 2 *% °
(carbonate) , . . .  , •  • ( 5k)
A p o ss ib le  re p re se n ta tio n  o f th e  absorption? based on th e  
B a tta  model? would be as- in  F ig .,25.
As w ith . F ig ,2k? F ig , 25 is  o n ly  a re p re s e n ta tio n a l 
diagram* However? i t  can be seen th a t th e  d if fu s io n  o f th e  
amine is  very probabaly countered by the  d if fu s io n  o f the  
re a c tio n  p roducts . W ith  th e  abso rp tion  o f c h lo rin e  by 
fe rro u s  ch lo ride?  the  c o n tro llin g  re a c tio n s  are s tro n g ly  
io n ic?  and the  maintenance, o f  e le c tr ic a l n e u tra lity  w i l l  
govern the. d if fu s io n a l processes. W ith  the  abso rp tion  o f 
C02 by MEA, the. reactions, are not s tro n g ly  Io n ic , hu t i t  is  
v e ry  l ik e ly  th a t s ig n if ic a n t fo rces o f  in te ra c tio n  are 
present? as w ith  the  p la in  d iffu s io n  o f amine in  w ater.
W ith  the; experim enta l technique employed in  ... 
observing the  d if fu s io n  o f C02 in  MEA? com parative ly la rg e  
con tact times, are employed. There is  a strong p o s s ib ility ?  
the re fo re?  th a t the  re a c tio n  products formed in  th is  tim e
•*255“
w i l l  in te r fe re  w ith , the  d if fu s io n  o f the  amine to  a fa r  
g re a te r e x te n t than th a t observable in ,s a y , th e  lam ina r 
je t  w ith  a con tact tim e  o f the  order o f 0*005 seconds©
As a p o ss ib le  in d ic a tio n  o f th is ,  i t  can be seen in  F ig #23 
th a t  the  p o s itio n  o f the  e xp e rim e n ta lly  observed re a c tio n  
zone a fte r  5 seconds is  n o t ve ry  d if fe re n t from th a t o f the  
th e o re tic a l re a c tio n  zone p o s itio n  fo r  Dg « 1.0*1+ x  10""^
O'
mm /seco Only a t th e  lo n g e r con tac t tim es does the  experimen­
t a l  curve d if f e r  w id e ly  from th e  curve fo r  Dg ~ 10*1+ x 10~^® 
I t  would thus appear th a t the  c o u n te rd iffu s io n  
o f the  amine and the  re a c tio n  products ( formed in  the  
re a c tio n  between C02 and MEA ) w i l l  s ig n if ic a n t ly  a ffe c t 
th e  va lue  o f Dg a t long, co n ta c t times# .
A fu r th e r  in s ig h t in to  the  in flu e n c e  on Dg o f < 
io n ic  c o u n te rd iffu s io n  is  g iven by Sherwood and Wei ( 97 )* . 
However., in  the  systems they examined, -  HG1 in  NaOH, and 
a c e tic  a c id  in  NaOH, th e  va lue o f Dg is  increased# For th e  
a bso rp tion  o f HC1 in  NaOH, a rig o ro u s  trea tm en t o f the  io n ic  
counter d if fu s io n  occurring , leads to  a p re d ic tio n  o f a. 
doub ling  o f the  mass tra n s fe r  ra te  over th a t p re d ic te d  by 
th e  sim ple f ilm  theory#
Further, experim enta l obse rva tions are needed to  
v a lid a te  the  decrease in  Dg fo r  the  a bso rp tion  o f CO^  in
-.256-
amine «, However, it -  can be s a fe ly  assumed a t th is  stage th a t 
Dg is ; decreased due to  th e  c o u n te rd iffu s io n  o f th e  amine 
and re a c tio n  p roducts  a t the  long co n ta c t tim es employed.
ll
To summarise th e  study made o f the  a p p lic a tio n  
o f the  w avefron t shearing in te rfe ro m e te r to  g a s - liq u id  
d iffu s io n ?  th e  fo llo w in g  observa tions are made;-
1) Having proved the  w avefront shearing 
in te rfe ro m e te r as, being a h ig h ly  accurate  and s e n s itiv e  
instrum ent fo r  the  measurement o f m utual d if fu s io n  ra te s
in  b in a ry  l iq u id  systems? a new d if fu s io n a l c e ll was designed. 
and constructed  fo r  g a s - liq u id  con ta c tin g ,A n  experim enta l 
technique was evolved fo r  a d m ittin g  the  gas to  the  c h ll? ' 
fo r  co n ta c tin g  w ith  the  liq u id ?  w ith  the  minimum change*-:.in 
th e  p h y s ic a l co n d itio n s  o f the  system, S ince on ly a very 
s lig h t  therm al imbalance is  detectable, by the  in te rfe ro m e te r?  
i t  is  e s s e n tia l th a t th e  p h ys ica l co n d itio n s  in  the  c e ll 
remain as s ta b le  as p o s s ib le ,
2) The f i r s t  g a s - liq u id  system, in v e s tig a te d  us ing  
th e  w avefront shearing  in te rfe ro m e te r was th e  d if fu s io n  o f 
CC>2 in to  w a te r. I t  was expected from the* o u tse t th a t th e re  
would n o t be a g re a t enough re fra c tiv e  index d iffe re n c e  
p resent to  make any accurate  measurements p o s s ib le , A 
p re lim in a ry  check on the  re fra c t iv e  index o f CO ^-saturated
■*2 5 8 * *
w ater in d ic a te d  th a t the  d e te c tio n  o f th e  abso rp tion  o f 
COg by w ater was. a t  the  l im i t  o f the  s e n s it iv ity  o f th e  
in te rfe ro m e te r* The experim enta l re s u lts  confirm ed th is  
expecta tion*. Thus, th e  w avefron t shearing, in te rfe ro m e te r 
can on ly  have a lim ite d  a p p lic a tio n  fo r  d if fu s io n  measure-.* 
ments w ith  a gas o f sparing, s o lu b il it y  in  a so lu tio n #
In  the  l ig h t  o f  th is , th e  re s u lts  o f  p rev ious workers who 
who used le s s  s e n s itiv e  in te rfe ro m e te rs  to  study mass 
tra n s fe r  in  the  COg-water system, may be sa id  to  need 
c r i t ic a l  re«exam ination* There is  no reason to  doubt, 
however, th a t th e  w avefron t shearing in te rfe ro m e te r could 
n o t be employed w ith  success w ith  a more so lu b le  gas#
3) The second system to  be in v e s tig a te d  was th e  
abso rp tion  o f CO  ^ by d ilu te  monoethanolamine s o lu tio n , -  th e  
d if fu s io n  o f 00^ in  th is  case being, accompanied by a fa s t 
2nd o rder re a c tio n * A fte r, a number o f t r i a l  and e rro r ru n s , 
in  which- a successfu l experim enta l techn ique  was f in a l ly  
evolved, a m ajor success was accomplished# T h is  consisted  
o f' the  showing e xp e rim e n ta lly , fo r  the  f i r s t  tim e , o f th e  
ex is tence  o f a d is t in c t  re a c tio n  zone in  the  liq u id  f ilm *
The movement o f th is  re a c tio n  zone was recorded photograph- 
re a lly *
4) Measurements taken o f the  re a c tio n  zone 
movement observed in  the  abso rp tion  o f CC  ^ by d ilu te  MEA, 
in d ic a te d  th a t th e  va lue  o f Dg?** th e  d if fu s io n  c o e ff ic ie n t 
fo r  the  amine, was on ly  about 20$ o f i t s  tru e  va lue*
T h is  has. been exp la ined as being caused by c o u n te rd iffu s io n  
o f amine and the  re a c tio n  p roducts a t th e  la rg e  con tact 
tim e employed*
5) In  v iew  o f th e  successful, i l lu s t r a t io n  o f 
d if fu s io n  w ith  re a c tio n  in  th e  liq u id  f i lm ,  th e re  is  every 
p o s s ib ility  th a t a com ple te ly new f ie ld  o f in te r fe ro m e tr ic  
experim enta l in v e s tig a tio n  in  mass tra n s fe r  is  opened up*
A good deal more experience is  c a lle d  fo r ,  and a lso  a 
re -a p p ra is a l o f  th e  experim enta l techn ique  invo lved*
Suggestions fo r  F u rth e r Work*
I m mu— i imn >    miwwmn
In  th e  immediate fu tu re , improvement in  th e  
experim ental, techn ique  fo r  ope ra ting  the  g a s - liq u id  c e l l  
is  o f  f i r s t  p r io r it y *  These improvements may be item ised  
as below; -
1) C o n tro l o f th e  gas .- concen tra tions on adm ission, 
such tha t- th e  heat o f re a c tio n  m inim ised* The experim ental.
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arrangement shown in  Fig® 10A is  a f i r s t  step towards th is .
2) Increase the  in te n s ity  o f the  illu m in a tio n ?  
so th a t  the  photograph ic re g is tra tio n  (a t  sh o rt exposure 
tim es ) can be made o f the  i n i t i a l  d if fu s io n a l process 
(say? w ith in  the  f i r s t  5 seconds- ) .  Arrangements are being 
made a t the moment to  p u t th is  m atte r in  hand*
3) Improve the  image measurement* The use o f
an instrum ent as accurate as th e  reco rd ing  m icrodensitom eter 
is  suggested fo r  measuring th e  movement o f the  re a c tio n  
zone*
k ) A lthough n o t as v i t a l  as th e  above suggestions? 
a r© -a p p ra isa l o f the  g a s - liq u id  c e ll design is  c a lle d  fo r*  
The present dimensions ? 6*3 cm. pa th  le n g th  x  5 cm wide 
x  k  cm deep could p o ss ib ly  be changed to  advantage® A c e ll 
2 cm wide would be q u ite  s u ffic ie n t?  and would make th e  
engineering o f the  kn ife -edge  easie r* Also? an a lte ra t io n  
o f the  pa th  le n g th  m ight increase the  s e n s itiv ity ?  -  though 
p ro v id in g  no o p tic a l a b e rra tio n s  are in troduced .
5) A fu r th e r  se rie s  o f  runs on the abso rp tion  o f 
CQ  ^ in  d ilu te  MEA is  des irab le .T he  use o f d i~  and t r i -  
ethanolam ines as so lve n ts  could a lso  be p ro f ita b ly  stud ied* 
Other systems? w ith  slower re a c tio n  rates? are a lso  o f 
in te re s t®
«*>2(SjIl—
APPENDIX I
S o lu tio n  to  F ic k ,;$ 2nd Law#
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APPENDIX I.
S o lu tio n  to  F ic k *s  Second Law.
I t  can be shown by dim ensional ana lysis, th a t a s o lu tio n  
o f ^
is ; obta ined as
D .-
■ h a
X
Sr (A)
_2
A  X
G exp (—* 1 ) ««#*•« (B)
k D t
The d e riv a tio n  is  lengthy?however? so th a t; in  th is , work i t  
w i l l  be shown th a t  equation  (B) is  a s o lu tio n  o f (A ).
D iffe re n tia tin g ; (B) w ith  respect to  t 5
A i
> • 5
A e - ^ 5 D t (. i) fe -3 /2  + 1 ( £  )e-  A c t
J t  t o t
= A . . - " 1*1*  » -3/2 ( - } - )  +  t .  2  )  
t o t
A _x2/ to . 3/2
— i » e  4 D f c . t
x
2 Bfc
1 ..(C )
D iffe re n t ia t in g  (B) w ith , respect to  x,
*«*2 (S3***
1 A 2x ■.
(  p* )  »  @ '' •'© '* »  9
7 t
* « • # ( d )
.  l > 2 c
*  9
! x c
A 2x o
(------- ) . e ‘
5-Dt
x x•/l+Dt
2
/5 D t
X
A *e
t
2Dt
x
2Dt
k «  ft o . o (E)
M u lt ip ly  (E) by ■ D ( d if f u s iv i t y ) .
. 1
A X/ - D t  3 / 2  I x 2
-n
• e
2Dt
x
* %  D©
~\ 2
o x
A X/ t o t
And th e re fo re  C = — -  * e
/ t
equation*
is  a s o lu tio n  to  th is
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The T a y lo r S eries Expansion o f
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A P P E N D I X  I I
The T a y lo r Expansion ( 98 )♦
T a y lo r 's  theorem, determines, the  law  fo r  the  expansion 
o f  a fu n c tio n  o f th e  sum o f two v a ria b le s  in to  s e rie s  o f 
ascending powers o f one o f the  v a ria b le s *
2  GAssume u  » f ( x  + y ) -  A + By + Gy + D y% »., (1)
Le t A|-,B t'?Gr * «• • be th e  re sp e c tive  values o f A,B,C, * * in ( l )  
when x  = a ( a ~ an a rb itra ry  va lue) *
♦ ** u l = f(a  + y ) =* A1 + B 'y  + C 'y2 + D 'y^«*#* (2)
P u tting ; z ~ a + y  • ° • y  = z -  a ,
u'- =5 f ( z )  -  A* + B* (z -a ) +Cf (z -a )2 + D '(z -a )^ .* *
' C3)
D iffe re n tia t in g  w ith  respect to  z,
t o  =5 f l (z ) = B* + 2C‘ (z*-a) + 3 D *(z -a )2. * . . ,
a  z
= f  **-(z) = 2G> + 2 .3D K z-a ) + 3 .5 E *(z -a )? .. . .
I q A  s f m ( z ) = 2»3.Dl + 2 .3 .5E »(z«a)...........
0 %
P u ttin g  z = a , and *%  y = 0 f
- 2 6 6 -
f(a ) = A* 5 f '( a )  = B ! ; f»‘«-(a) = 2C» ; f<*»(a) = 2.3D ' 5 
. f t  C = i f *  (a) and D = V g . f "  ' (a) .............(+)
S u b s titu tin g  (+) in to  (2 ),
u* = f(a+y) = f(a ) + f» (a ).y + f 1t (a).y2 + f 111(a).y3. . . .
11 2 i 3 ‘* (5)
But I f  a Is  any va lue  o f x 9
u  = f(x + y ) = f ( x )  + f x( x ) .y + f ^ t ( x ) .y 2 + f  * * ! ( x ) .y A . . .«
i i  2 »- 3 1  (6 )
And s im ila r ly ,
u  ~ f ( x - y )  = f ( x )  -  f 1 ( x ) .y + f * * ( x ) .y 2-  f 8 [ 1 ( x ) .y ^  . . . . .
I i  2J 3 1 (7 )
Equations (6) and (7) are the  T ay lo r S eries expansions o f 
f(x + y ) and f ( x - y )  re s p e c tiv e ly .
A zExpansion o f ( — )
A  x
( Az ) _ f(x + b/ 2 ) -  £ (x -b/ 2 )
Ax Ax = b ' b
expanding,
f(x + b/ 2 ) a f ( x )  + f» ( x ) .b  + f« K x ) .b 2 + f» »■ K x ) .b 3 .........
1J 2 21 L 3 .» 8 (8)
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f ( x - b/2 )  = f ( x )  -  f 8( x ) .b  + f 81 (x).,# :  -  f lL L M - k 3. 0 0 9 0 0
1J 2 21 5 31 8 (10)
b
Now f r (x ) =
where A
3 x
A p
2 /TT Dfe
1
b
f f (x ) .b  + 2 f 81 K x ) ,b^
31 8
x
A. e- B
+ 2 fV(x ) . \P.
51 65
* 9 • * ♦ 9 * ( 1 2 )
( 1 1 -)
and B = kDt-
* . f * ' (x ) = ~( A. e
x 2 / B
. * *  f 1 ‘ ( X )  a  ~  (  ~  ) . f ' ( x )
f  <•' 1 (x ) = U 2 _ . f1 (x)
B
(13)
+ i ( ” “ g ) , f  i (x )
_ 2 * f> (x )
B
2x2 -  B
(  2  , Cx ) ) C 2 x 2  -  B )
B
9 « • » o 9 ( X k )
L  , f» ( x ) .5 x
« * .  f ^ C x )
2
B-
♦ f 1( x ) . 6xB ~ 5xr . . . . ( 1 5 )
— 2 6 8 —
£V (x) =
B r  B
— .£» (x ) (6B-12x2 )
B K
\r 1+ |
* #* £ (x ) -  (x ) toe1' -  12x2B + 3B2
S u b s titu tin g ; 12, and 16 in to . 11,
I  — 1 a 4 **< x >  *  fK x ) .2  ■ (2x2-B ) , b)2
1 / S ' | t y  | ■ 1?  J I  2
. * • ( 1 6 )
+ f » ( x ) .  - ( 5 x j -  1 2 x  B  +  3B ) . C r  )  h
bh 51
= £«-(x) | 1 + 1 (2x C ) 2 
B 3J 4
. 5 # (5x^ — 12x2B + ^B2) * /b  \ 5 
+  V  — - — ---------------------v~~ ;  • ® * ♦
B  51 5
" S nS u b s titu tin g  B = 5Dt and p u ttin g  f ’ (x ) = * /.
d x  9
A z
A x  IAx = b
0  n f
~ s ) x j
1  +  ^  ( - £ ) (  £ = - § D t )
2T.3J 2Dt 2Dt
+ 1 ( j£ . ')2 (xk i2 x 2Dt + 12D2t 2 ) ..........
2% 51 2Dt TTWS5-D t
(17)
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APPENDIX I I I
nm k I>'II *«Ui *" rI pmp*i*w
Computer Programme ( S ir iu s  Autocode ) fo r  th e  
C a lc u la tio n  o f D ( le a s t squares curve f i t t i n g  )*
N '
COMPUTATION OF DIFFUSION COEFFICIENT.
c*© fc'»» ttzs CSS73 cs^  CtfWtffftttSte u&a c^ s^ e'k**? *3 «ruvc5^ v^'^isro>£Tia <££» «££ er»
BEST D AND T (8NFLo) FOUND BY THE METHOD OF LEAST SQUARES. 
APPLYING EXPERIMENTAL DATA.
TIME INCREMENT ADDED BEFORE CALCULATING D.
IN ITIAL DELTA .T ©SECS. WITH soSEC INCREMENTS REPEATED.
IDEAL CURVE TO FIT BEST D AND T ALSO CALCULATED.
ALSO VARIANCE OF EXPTL. FROM THEORETICAL POINTS. ‘ •
V~z$@j
T 5 '
J V 5  .
f * ^ ?
L .
S6% S ' .
S6% 6c**x 6 
86 x7—17
TS . *
Jt>X
09ox«TA'PE*
Vi aG3«TAPE# . . .
Vx*»TAPE»
V x o 2c » T A P E #
n t ^ m  • •
*31 X O*3®
TEXT
POSSIBLE RANGE OF aX SQD'MAX EXPfta
I 11 1*1 S IV
% o  d * V 9 < > x / x * p & $  
Vg 09& Vg o 8 X Vp ®$ 
v g x o & v Q d a / x e f r a f  
Vgtt^Vg t M V g t ®  
Vgo6^Vcjo$/'ilg2$ 
Vg07^^9o6XVg06 
Vg t &^ Vg o 4/  * % a 5
. % X 4 ^ % o 5 / s © 9 3 |
v g g s e w p i  4 x 0 0 1 : 4  
P f M N Y t t y a & j g f t f t *
f V f t f T ^ s £ } * d f l 4 .
• t > ( s o £ * $ s o ) - s ; { x o £ * H 3 x c O x ^ ( 2 ® s #!‘ & & & }  
m o - m o ^ t  - • . *•
^ k v n t o & n % z  
Hi 0 - 0
30 )PRI NTw(l+»xo) t, 3080 > ■•
PRINTv( soxfMx©)s4634
. ^ z o 9 n t b ^ M  3  ‘
■ o
■TEXT •• ■ ■ '
“DELTA T ‘ D . '. ' /  T '
PR I NTVsooo». 3063 
4)tKsoox4ttxo-)**tf(x4fl$o) ©oi 
#axptt«xo+x 
. ^ 4 $nx®&n%& 
tlx 0^0
>* 3)^(30£^^3:@)s3LO(5t>(s00£*5*jr'i£0 ) 
t>(x xox4ttX0)**fy( t ooz^nto ) ) (B
• taaox4flxo)**t>( 36X*ftXo)&#( x xo2* t t2o) 
t > ( d o x * f t x o ) a t > i x x 6 2 * f t 2 o } H P t  3 0 2 4 4 1 2 0 )
‘ t > ( 8 o  £ o ) ) < t > ( 2 0 £ 4 f t £ © )
t>( 4&t*nt  o)**9l 20&*ftat0 )Xt>( XX© t ^ n t o )
: v ($ o t^ n to )^ v l z o t '& n  xq )x£>{t t o t ^ n t o )  
v i 6 o t ^ n t 6 ) ^ v l t t o t ^ n t o ) ) i v ( i t o t ^ H t o )  
nxo^nto^t
\ '
^ 3  3 3 53 o  
' v$24~®
• ^ 3 3 6 = ®  
n t o - o
S o
^ 3 3 ^ 1 3 3 ^ ^ ( 7 0 x 4 ^ x 0 )
• ^ 3 4 ^ t / 3 3 4 4 ^ ( (5‘ 0 £ 4 ? i x 0 )  .
• ^ 3 3 6 ^ ^ 3 3 6 4 ^ ( 0 0 x 4 ^ x 0 )
—  7'.ro.
ft 3 ^ *  3 ■
ft4 ^ 1  i . ;
* $ R t y  . _  t . *
fit-3 ^ 7  ' ‘ ..
??6^3  ‘ '
^ 3 3 3 ^ ^ 3 3 ^ / ^ 3 3 ^
^ 3 3 3 ~ ^ P ^ 3 3 3  
P R I N T V 3 S i i a 6 a 6  
P R i N f t > 3 3 3 i a b 6 a
^ 3 3 ^ ^ 8 K t ^ 3 3 X  
^ 3 3 0 ^ 3 3 2 ^ 3 3 3  
P R ! N T & 3 j o L a 6 a 6  * ,
X ?)£ ooo^t^ S 000^3 
Xi)% 000*# *000* j
trta49*033*
6 ) v ( k 2 $ o * m ® ) & v ( % £ b $ * n t ® ) x v k % 4 §  
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7 ) t y ( x 3 d o 4 ‘t t & 0 ) * * & $ 3 3 A > ( & £ 6 9 * t f X 6 ) »  
f tX0& ft£64*S
^£0^0
8 ) ^ ( &  3 5 0 ^ 1 0  ) ^ L O Q t > (  $ 3 0 0 4 ^ 1 0 )  
nio^ftx&bz 
a»bpn % ® &  3 3
f t s b - o  ,
9 ) ^ (  & 3 S 0 ‘WIJi0 ) t i t ^ ( S 3 3 b ^ ^ £ 0  
f t S o * * t f £ 0 *Hc
'+9 » t t £ o t * a ' )  .
Hso**0 .  .
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T : aX SQD
i t )PRINT^(Xa6a+^so)©308®
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: ~*xk © t n o & & $  
m o - 0
12 ) V ( x 600+ft 2o ) ^ (  x o o x + ftx  0 )  X Vi a 49
• t  7 0 © ‘M ? s  o ) ^ t > 3 3 3 / ^ ( x 0  0 S + ^ x o )  
t> (X70O + ^ io J to ,0^ ( 1700+ ^ 10)
* fc>( x 7 0 0 + ^ 1 © i ^ x + i / 1 7 0 0 + ^ x 0 )
‘ * ^ ( s 7 © o + ^ i © ) ^ ^ ( s . 7 ® 0 + l l i ® ) X t > ( x 6 ® ® + f 2i 0 )
• v ( t 8 Q & * n x ® ) ™ v i i y ® o ' f r n x ® ) e*av { $ o i * n % Q )  
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T h e  A p p l i c a t i o n  o f  t h e  W a v e f r o n t  S h e a r i n g  O p t i c a l  I n t e r f e r o m e t e r  
t o  D i f f u s i o n  M e a s u r e m e n t s
W. J. Thomas and E. McK. Nicholl
The measurement of diffusion coefficients in dilute solutions of electrolytes can be effectively and accu­
rately carried out using birefringence. An interferometer utilizing birefringence has been constructed by 
the authors and is described. A flowing-junction cell is also used. The four available methods for the 
calculation of the diffusion coefficient are discussed. A Ferranti Sirius computer has been programmed 
to handle the calculations. Diffusion coefficients for the systems sucrose-water, monoethanolamine-water, 
and diethanolamine-water are reported.
Introduction
The determination of diffusion coefficients by an 
examination of concentration distributions and con­
centration gradients across a liquid-liquid interface by 
optical methods is well known. Among the most useful 
methods are those due to Lamm, Rayleigh, and 
Gouy.1 ~3 The latter has recently been examined in this 
laboratory by Thomas and Furzer.4*5 The Mach- 
Zender interferometer falls into the same group of 
optical methods and is also well known.
All the above methods for determining diffusion 
coefficients rely on the formation of interference fringes. 
Other optical methods exist, viz., the schlieren scan­
ning and Svennson's diagonal (the slit method), but 
methods using interference fringes are the most sensi­
tive. Since a shift of one fringe corresponds to a change 
in refractive index of 5.461 X 10~5 for a 1-cm cell ( =  
\ / a  for the mercury green line), it follows that it is 
possible to detect extremely small changes in refractive 
index.
However, a recent development by Ingelstam and 
Bryngdahl6-’9 is an interferometer with an appreciably 
greater sensitivity to changes in refractive index than 
any of the above methods. Bryngdahl has shown that 
concentrations of as low as 0.01% can be used. It 
appears, therefore, that this is the only optical method 
which can be applied to very dilute electrolyte solu­
tions. It has also been shown that this particular 
method is capable of giving greater accuracy than pre­
vious methods, due to the decrease in the concentration 
range.
The principal features of the method described by 
Ingelstam and Bryngdahl are the use of polarized
The authors are with the Department of Chemical Engineering, 
Battersea College of Technology, London, England.
Received 29 October 1964.
light and a Savart plate to form interference fringes. 
The Savart plate consists of two uniaxial quartz crystals 
cemented together, with their optic axes at 90° to each 
other, at 90° to the beam direction, and at 45° with 
respect to the plane of the paper (see Fig. 1).
Parallel light passes through the first polarizing plate 
and is polarized such that the oscillation plane bisects 
the two principal planes of the Savart plate. Thus, the 
wavefront is divided into two equally strong coherent 
wavefronts polarized perpendicularly to each other. 
By means of the second polarizer set at 45° in relation 
to the principal planes of the crystal plates, the two 
wavefronts are caused to interfere.
A complete description of the mechanics of the inter­
ference is given by Bryngdahl.7
The interference pattern itself consists of a set of 
horizontal fringe pairs (Fig. 2).
Description
The Optical System
The complete optical system, as shown in Fig. 3 is 
contained in a constant-temperature (thermostatically 
controlled) darkroom. The temperature of the room 
can be maintained to ± 0.1°C.
The optical bench is of steel, of triangular section, 3 
m long, resting on two 10-ft (3.05-m) long steel girders 
bolted to three concrete pillars. (The whole assembly, 
weighing over 450 kg, is separated from the floor by 
rubber blocks.) The various components in the optical 
system are attached to the bench by adjustable saddle 
stands, fitted with clamping screws.
A 125-W mercury vapor lamp operated in a horizontal 
position provides a source of monochromatic light (at 
5461 A). The narrow discharge from the lamp is 
focused through a short focal length condensing lens, Li, 
through infrared and green filters onto a horizontal 
adjustable slit operated from 5 y to 10 y.
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Fig. 1. The Savart plate, showing how the incident light ray 
is split up into an extraordinary/ordinary (E/O) and an ordinary/ 
extraordinary (O/E) ray. E/O and O/E are perpendicularly 
polarized to each other.
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Fig. 2. Photographs of interference fringes recorded during 
diffusion of 0.0578% monoethanolamine into water.
To reduce the effect of stray light, the lamp, con­
denser, filters, and slit are housed in a light-proof struc­
ture (which is adequately ventilated).
By means of the similar lenses L2, L3, the light is 
collimated through the flowing-junction cell and also by 
lens L4. Parallel light is, thus, passed through the 
Savart plate.
Polarizers Pi and P2 are placed before L4 and after 
the Savart plate.
The image formed after the Savart plate is rather 
small, and it is convenient to magnify the final image by 
means of the lens L5.
The diffusion occurring in the cell is recorded photo­
graphically by a 35-mm Robot Recorder camera 
placed in the image plane, M. The lens is removed 
from the camera so that the image is projected directly 
onto the film. The camera is coupled to an automatic 
time-control unit, by means of which the exposure time 
and time intervals between exposures may be accurately 
set.
The Flowing-Junction Cell
The diffusion cell is of the flowing-junction type and 
was constructed in the laboratory workshops.
Figure 4 shows the cell with solution reservoirs.
The cell is constructed by bolting together several 
pieces of ground stainless steel, and grinding the ends 
plane and parallel. The flowing-junction slit is set at 
150 n. Optical glass plates are pressed into contact 
with the ends of the cell by ten pressure screws. A 
polythene gasket smeared with silicone grease separates
the glass cell ends from the steel flats, while a copper 
gasket separates the pressure screws from the glass. 
The optical path length through the cell is 630 mm.
The solution and solvent reservoirs are connected to 
the cell by a manifold with suitable taps. A mercury 
reservoir, of variable height, provides the head neces­
sary for the solution and solvent to flow into the cell.
Experimental Technique
The cell is cleaned and flushed with distilled water 
and air, before finally being flushed with solvent. The 
liquid reservoirs are cleaned, flushed, and filled with 
solvent and solution.
The thermostatic control for the room is set at 25°C, 
and the cell and reservoirs are left, set up on the optical 
bench, for about 12 h (i.e., overnight). It is important 
that thermal equilibrium is established when a run is 
started, for it must be appreciated that small differences 
in temperature or slight mechanical vibrations trans­
mitted to the cell can cause much more rapid mixing of 
the diffusing substances than the pure diffusion process 
itself.
When this is done, the solvent is admitted to the top 
of the cell and the solution is admitted to the bottom, 
using the mercury reservoir for the necessary head. 
The sidestream is then started, and the denser solution 
slowly rises in the cell chamber so that eventually a 
sharp interface is formed between solvent and solution 
at the slit exit. The rate of discharge of the sidestream 
is critical in establishing an interface, varying between 
twenty and forty drops per minute depending on the 
solution used.
Once established, the interface is maintained for 
about 15 min in order to be certain that it is quite 
stable.
Meanwhile the Robot Recorder camera is loaded with 
a length of Kodak R.55 recording film. A ground glass 
screen with a magnifying viewer placed in the image 
plane (for ready inspection of the interface and, later 
on, the fringes), is removed and the camera is substi­
tuted in its place. The automatic time-control unit is 
set for 5-sec exposures at 30-sec intervals and is switched 
on. As soon as the first exposure is taken (of the inter­
face), the relevant taps on the cell are shut, thus stop­
ping the sidestream discharge and starting the diffusion 
process in the cell.
Photographic recording of the diffusion process is 
continued until inspection of the image reveals that the
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Fig. 3. The wavefront shearing optical interferometer. MV, 
mercury vapor lamp; F, green and ultraviolet filters; HS, 
Hilgerslit; C, cell; P, polarizers; and L, lenses.
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Fig. 4. The flowing-junction cell.
next-to-outermost fringe pair has merged. Depending 
011 the concentration difference between solvent and 
solution (0.6% is convenient) this could occur after 
about forty exposures.
The exposed film is developed in Kodak DX .80 at a 
dilution of 1:4.
Several high-speed hi ms and developers were tried 
before it was decided to use the R .55 film and DX .80 
developer. R.55 film is sensitive to ultraviolet, blue, 
and green light—the maximum sensitivity lying be­
tween 5400 A and 5700 A .10 The use of R.55 film is 
further enhanced by its insensitivity to red light, thus 
making film handling very easy.
The movement of the fringe pairs as recorded photo­
graphically is measured primarily by a recording micro- 
densitometer. Photograms of the fringe pairs are ob­
tained using this instrument, and the distance between 
the fringe pair peaks can then be measured. Where the 
recording microdensitometer is limited in accuracy in 
differentiating the fringe pairs, a cathetometer is used 
to measure the distance between respective fringe pairs.
Although the movement of several fringe pairs may 
be observed during the course of a run, it is convenient 
to follow only one, namely the next to outermost, in 
order to calculate the diffusion coefficient .
A typical series of fringe pairs is shown in Fig. 2, and 
associated photograms in Fig. 5.
Calculation of the Diffusion Coefficient
The calculation of the diffusion coefficient is based on 
the basic diffusion equation for the free diffusion ease
with the diffusion coefficient independent of concen­
tration, i.e.,
dc
dz 2\/ trDt exp(« 9
or,
dn  An  . / —22\
dz ~  2\/w D t eXP\4Df/
(D
(2 )
Equation (2) follows from Eq. (1), since there is a 
linear relationship between c and n, where
c = concentration of solute diffusing into solute, 
z — distance from original boundary in diffusion cell, 
t = time,
n = refractive index of liquid,
An = difference in refractive index between initial concentra­
tions of the upper and lower solution in the cell.
Equations (1) and (2) are symmetrical about the origin 
and have the same form as the Gaussian error curve. 
The method used here for the evaluation of D  is due to 
Lamm and Bryngdahl,7 and the equations used are 
derived from Eq. (2).
The interference pattern produced is related to the 
Gaussian curve which represents the ideal concen­
tration gradient, as above, and D  is deduced from the 
rate at which the fringe pattern changes. Following a 
definite fringe pair with respect to time, we find then 
the curve representing the movement of this one fringe 
pair is given by
(2x )2 = 8Z)<(1 +  In U/t) (3)
where
2x = distance between fringe pairs
U =  time corresponding to the maximum distance between 
fringes.
When t =  t h
(2 x)i2 = 8 DU. (4)
The diffusion coefficient, D, is obtained from values 
of (2x) 2 and its corresponding times ti and t2 by the 
expression
( 2a:)2 ( 1A  -  1 /U)D  =
8 • lnfe/fi (5)
/OOO/U
Fig. 5. Actual photograms of interference fringes (0.0578% 
monoethanolamine/water).
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Fig. G. Graph of (2a;)2 against t, —0.0578% monoethanol- 
nmine-water (next-to-outermost fringe pair). (At =  58 sec 
added to original I values.)
A typical curve of (2x)2 against I is shown in Fig. 6.
The calculation of D , however, is complicated by the 
fact that the experimental curve obtained is not the 
true curve.
Due to the experimental impossibility of obtaining an 
infinitely sharp interface in the diffusion cell, the ex­
perimental curve of (2x)2 against t is, in effect, displaced 
toward zero along the t axis. It is necessary, therefore, 
to introduce a zero-time correction factor to Eqs. (3), 
(4), and (5) in order to calculate the correct value of D  
[the zero-time factor effectively displacing the curve of 
(2x)2 against t to its true position, thus enabling the 
correct value of D  to be calculated ]. Thus, the equation 
of the curve will become:
(2a;)2 = 8 D(t +  Af)[l -+ In (U +  At)/(t +  At)}. (6)
The calculation of At, the zero-time correction factor, 
may be done by four separate methods as outlined by 
Bryngdahl.7’11 Two of the methods are only very 
limited in accuracy, but the other two methods have 
proved to be quite acceptable and have been used in the 
experimental work undertaken in this laboratory. A 
new technique for calculating D  and At is being per­
fected by the authors, and this has proved to be con­
siderably more convenient and as accurate as the pre­
vious methods. Since a large number of repetitive 
calculations are involved in the calculation of D , use 
was made of the College’s Ferranti Sirius computer. 
Descriptions of the methods of calculation and associ­
ated computer programs are given below.
1. In runs where more than one fringe pair is ob­
served and recorded photographically, these are 
plotted on a graph of (2x)2 against t. A straight line is 
drawn connecting the maximum points of the curves. 
The line is of slope 8D , and, from the point where it cuts 
the t axis, At may be determined. This method is 
limited in accuracy and lias not been used beyond an 
initial trial.
2. From the basic diffusion equations the logarith­
mic relationship
may be derived.
If (2a;)2 is plotted against Int for any one fringe pair, 
repeatedly adding a small time-increment to the t 
values before plotting the curve, then, theoretically, at 
the stage when the correct At is reached the curve 
should be a straight line of slope — 8D . In practice, it 
has been found that the method is very insensitive and 
is even less accurate than the method outlined above.
3. Bryngdahl has shown that the true D is related 
to the calculated D , D ', by the expression
D = Z>Y(1 +  At'p) (8)
where
k + k 1 fh -  IA
v = -----------r r — • (J)iik lutz/ti
If then D  is calculated for any one value of (2x ) 2 and 
the corresponding k  and t2 values using Eq. (5), and 
plotted against v, a straight line is obtained of slope 
D  • At cutting the ordinate axis at D . There are limita­
tions to this method, but it is accurate to the third signif­
icant figure. This method has been found most useful 
as a guide to the accuracy of the experimental points 
before calculating D  using the fourth and most accurate 
method.
4. The fourth method for calculating D  is the most 
accurate of the four methods outlined here. D  is cal­
culated by Eq. (5) and is plotted against (2x ) 2, with 
At as a parameter This is done by first calculating D  
with no correction applied to the time, for a set of
(2xy/t =  C - 8D Inti/t (7)
(2X)Z, m m 2
Fig. 7. Graph of D against (2x)2, At as parameter (0.0578%) 
monoethanolamine-water.
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Table I. Diffusion Coefficients Measured Using the Wave- 
front Shearing Optical Interferometer"
Run
No.
Solute 
concn. 
ill dif­
fusing Average 
solution concn. 
(wt. %) (wt. %)
Temp.
(°C)
D
(cm2/sec x 108)
At
(sec)
S/1 0.0472 0.0236 25.5 5.221 ±  0.011 87
S/2 0.0472 0.0236 25.2 5.205 ±  0.015 22
S/3 0.0667 0.0334 24.8 5.13 87
S/4 0.0993 0.0497 25.3 5.216 ±  0.012 64
MEA/1 0.0578 0.0289 25.3 10.400 ±  0.100 58
MEA/3 2 g mol/liter 25.3 8.575 ± 0.066 22
MEA/4 4 g mol/liter 25.3 6.729 ±  0.044 18
DEA/1 0.03259 0.0163 25.5 6.624 ± 0.040 8
° Runs S/1-4 for sucrose-water, runs MEA/1, 3, and 4 for 
monoethanolamine-water, and run DEA/1 for dietlianolamine- 
water. Magnification factor of the interferometer = 0.563.
values of (2x ) 2, U, t2. Then a small time increment is 
added to the t values and the calculations are repeated. 
This is continued until the value of D  becomes constant 
when plotted against (2a,*)2. At this point the correct 
value of D  is obtained together with the zero-time cor­
rection.
The method of calculation is illustrated by Fig. 7 
with actual experimental results. It may be seen that 
D  becomes constant at At — 62 sec and has a value of 
10.400 X 10~6 cm2/sec at this stage.
The only drawback to this method is the sheer 
volume of repetitive calculations if done by hand. 
To eliminate this a Ferranti Sirius Autocode computer 
was programmed to handle the calculations.
The program tape is headed off with the calculation 
method outlined in paragraph 3 above. As stated 
previously, this calculation serves as a guide to the 
accuracy of the points calculated by the fourth method.
The flow diagrams for the two computer programs 
used by the authors are not given here, but would be 
available on request.
Experimental Results and Discussion
The interferometer was calibrated using dilute solu­
tions of sucrose-water before further runs were under­
taken to investigate the diffusion coefficients of the 
ethanolamines over a range of concentrations. The 
sucrose-water results, together with three monoethanol- 
amine- and one diethanolamine-water results are given 
in Table I. Complete data for the diffusivities of the 
mono-, di-, and triethanolamines are being accumulated 
at the moment in these laboratories and will be pre­
sented later. Thus the results given in Table I are only 
a representative sample.
The values of D  obtained for sucrose-water agree well 
with previous experimental values,7)12-14 obtained by 
Bryngdahl using a similar interferometer and other 
workers using the Gouy interferometer; they illustrate 
the accuracy obtainable and the concentration range in 
which this interferometer is capable of working.
In run S/3 it can be seen that an inconsistent value of 
D  was obtained. In this run, thermal equilibrium was 
not established due to an electrical failure. It was 
decided to continue with the run, nevertheless, to see 
what effect this would have on the value of D . Since 
the resulting coefficient is undoubtedly inconsistent, it is 
most important that thermal equilibrium be established 
before any run takes place.
The authors have had several opportunities to exam­
ine the accuracy obtainable using tliis interferometer, 
and to compare the work with that done on the Gouy 
interferometer in the same laboratory by Furzer.5 It is 
their firm opinion that the wavefront shearing inter­
ferometer is superior both in accuracy and convenience 
of use. The calculation of the results, particularly, is 
simpler.
The accuracy of the interferometer, naturally, is 
increased by the quality of the optical components used, 
and it is essential that the best quality lenses be used in 
order to utilize the inherent accuracy. There are few 
problems in the setting up of the interferometer that a 
basic knowledge of optics will not resolve, so that it is, in 
fact, an extremely useful instrument for the type of 
work discussed above.
Appendix: a New Method of Calculating the 
Diffusion Coefficient for Liquid-Liquid Systems
The design of a wavefront shearing optical inter­
ferometer and its use for the measurement of diffusion 
coefficients in dilute electrolyte solutions has been 
described in the foregoing sections.
Four methods of calculating the diffusion coefficient 
were examined, each involving a zero-time correction 
factor. Such a factor is necessary as the infinitely sharp 
interface required for the rigorous application of the 
Fick equation cannot be realized in practice. It was 
found from direct calculations based on experimental 
results that of the four methods the iteration method was 
the most acceptable and accurate. The large volume of 
repetitive calculations involved in this method was 
handled by a Ferranti Sirius computer.
However, a fault common to all four methods is that 
the accuracy of the calculations is dependent upon read­
ings taken from a smooth curve drawn through the 
experimental points on a (2x ) 2 vs t plot. A slight 
scatter of points is difficult to avoid experimentally, and 
this obviously affects the true position of the curve 
when drawn by hand.
A new method for calculating D  is proposed which is 
less sensitive to error than any of the previously de­
scribed methods, especially when a slight scatter of 
points on the experimental curve of (2x) 2 vs t cannot be 
avoided due to limitations of the optical equipment. 
The new method is also as accurate as the previously 
mentioned iteration method, and is possibly more con­
venient to use.
The Method
The equation for the ideal movement of one fringe 
pair, as given by Biyngdahl,7 is used for the calcula-
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Fig. 8. The ideal curve describing the movement of one fringe 
pair with respect to time.
Fig. 9. Theoretical curve (A) as obtained from the best D and ti 
calculated by the method of least squares to fit the experimental 
points (B). No zero-tide correction applied to B curve.
tions. A fringe pair in the interference pattern (the 
next to outermost is generally the most convenient to 
use) is followed with respect to time, and the experi­
mental values of 2x  are found. (2x ) 2 against t is plotted 
as shown in Fig. 8.
The equation of the curve in Fig. 8 is given by
(2s)2 =  8D/[1 +  ln(l</01 (A-l)
where ti is the time corresponding to (2x) ,2. When 
I =  lt,
(2 x)i2 = 8 Dti. (A-2)
As mentioned before by the authors, a degree of non­
ideality is introduced to this equation by the zero-time 
correction factor, AL Thus the practical equation to 
be used is
(2s)» =  8 D(l +  Ai) [l +  (A'3) 
Consider now a set of linear equations
yi =  (Zifci)i T- (^ 2^ 2)1
to Vn = (Z\k\)n +  (ZJc2)u (A-4)
in which there are n  sets of observations of y and Z  
values (/c values being constants). It can be shown that 
the normal equations to determine values for ki,k2 that 
best correlate a set of data (2/1,. . . ,yn, %i, . . • ,xn), 
where Z UZ 2 =  f ( x ) hf ( x ) 2, are:
kiJ^ ZiZ* -F k2 Y.ZS =  YdZz'V-
(A-5)
(A-6)
T X - s T ~h
lc2
(A-9)
Values for k are obtained by the simultaneous solution 
of the normal equations.
Thus for a set of readings of the movement of one 
fringe pair, the two applicable normal equations to 
solve for D , and (tt +  At) are:
D  ^] (81 At) 2 ,+ D*ln(^ - T At) y (^8/ 4- At)
X [(8t +  Al) -  (81 +  At)-\n(l +  AO] = (A-?)
D - ^ ( 8t +  At)[(8t +  AO -  (81 +  A0*ln(* +  AO]
+  +  A0]Cl(8* +  AO -  (81 +  At)-ln(l +  AO]2
= J 2 (2x)*[(8t +  At) -  (81 -}- At)-\n(t +  A01 (A-8)
The simultaneous solution of these two equations is best 
obtained by the use of an algebraic matrix of the form
’ I > 2
JCZ 1Z2 2 > 12
The authors programmed the College’s Ferranti Sirius 
computer to handle the large volume of calculations 
entailed.
Starting with a value of At =  0, the best D  and U are 
calculated for a set of experimental points. The calcu­
lation is repeated for At =  5, 10, 15,. . sec.
It will be found that, when At =  0, the curves calcu­
lated from the D  and tt that best fit the experimental 
points will be of the same shape as curve A in Fig. 9, 
i.e., the calculated curve is somewhat more peaked than 
the curve drawn through the experimental points.
When too large a At has been applied the calculated 
curve is less peaked than the experimental curve. 
Comparing the two values of (2x ) i2 i.e., the experi­
mental and the value for the calculated curve, as the 
calculation proceeds, we find when they coincide that 
the two curves are identical and the correct value of D  
and At may be established.
The authors have used this method of calculation 
extensively in their work, and the accuracy has proved 
to be equal to that of the previously mentioned iteration 
method. However, the method is very much more 
convenient to use due to its essential simplicity, and is, in 
fact, quite a rapid method.
Possibly the only limitation to the use of this method 
is the fact that a fairly complete experimental curve 
must be obtained which should not be weighted too 
much to any one side of its peak. This condition, 
however, would apply just as much to any other method 
of calculation.
Thanks are due to O. Bryngdahl of The Institute of 
Optical Research, The Royal Institute of Technology, 
Stockholm, Sweden, for helpful discussions.
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